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2 Units of volume — In most Iiydnulic calcuhtions 
tljc convenient unit ol \oIumc is tlie cubic foot (or cubic 
metre) But in witor - auppl} engineering it has been 
cu«;tom'iry to u«c llie gallon ns the solunio umt The imperial 
gallon IS defined to be the aolurno of 10 lbs. of distilled water 
at OS'* F lienee, if in general calculations the cubic foot of 
^^alc^ 13 taken to weigh G2 4 llis. it must also be taken to 
be cquiaalent to C 24 gallons. In the molnc system the 
kilogram is the u eight of a cubic decimetre of water at 
39® 1 F Hence a cubic metre of water of maximum density 
weighs 1000 kilograraa, and this aaltio is taken in general 
calculations on pressure etc, though at ordinarj tempentures 
the wciglit IS shglitl} less. In the United States the wine 
gallon, now disused lu England, is the ordinary unit of 
aolumc and is equal to 0 8333 imperial gallon 


Cos^TnsiON Taple 



MBhipIier 

Logaritbsi 

Cubic feet into imicrnl gallon# 

C24 

0 7052 

Cubic feet into U S gallons 

7 49 

0 8744 

Cubic feet into cubic metre# 

0-02632 

24521 

Imperial gallons into cubic feet 

0 1603 

12048 

U S gallons into cubic feet 

0 1336 

1 1256 

Cubic metres into cubic feet 

35 31 

1 5479 

U S gallons into imperial gallons 

0 8333 

1 0208 

Imperial gallons into U S gallons 

1 200 

0 0792 


To concert imperial gallons per 34 hours into cubic feet per second 
ivtvJrt; \sj 'i,Vh 

To convert U S gallons per 24 hours into cubic feet per second divide by 
647,100 

3 Heaviness of water — In ordinary hydraulic calcula 
tions it IS usual to disregard the small variations of density 
of water due to changes of pressure and temperature In 
this treatise the weight of a cubic foot of water will be 
denoted by Gr and will be taken at 62 4 lbs In calculations 
on the metric system the weight of a cubic metre is generally 
taken at 1000 kilograms from the simphcity which this 
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introduc'es into calcoIatiDiL Jiivsr and pprin" vrater is not 
Bsnsiblr denser tlian pure Tvat-er unless in escsptional case? 
or vhen canjin" mud or Eevrage. Sea Trater is nsuaUv 
talren at C4 lbs. per cubic ibot, tbougli its denatr Taries 
Bomevriat in difisrent In ealirieg . 

GsnerallT T cubic feet of Trater "vreinn GT Its. in gr a rita* 
tion units. In treatises on tbeoretical irdiomecbanicB absolute 
units are emplored. Xben if ^ is the mass in poundals, the 
■vveigbt is "W = lbs. -wbere o is the accderarion Sue to 
graTitv in the locality considered. Hence if p is tbe density 
or mass of unit Tolums its vreight is pp, aud T units of Tdlume 
■weigh ppT lbs. 


An^Tsia or Sosa: Ttpical xr/.TTXs Pjjss rm 30D.or>P 



Toul&oaJsis Teaipr-ary 
^olcUsc. Hanbiss. 

ToiaJ 

Earenesk 


Eain rater 



03 

1 

XiOsh Satnne 

33 


1*0 

Tram lloorlaad 


CS 

01 

ST 

t f ' 

Icrerpool 

fi. - 

01 

37 

» »• 

londcm, from 

2i*£ 


19-2 

'T*t;n»<s cad X/S2 

lo 

29 4 


399 

» »» 

LoadoD 

403 


2S T 

Chali -rdi' i 

y orlhsm jTl QE 

I>7-5 

e-c 

IDS 

TV ell IE lui? 

"mter 

i 

3B99*0 

490 

797-0 

1 


ChEngre of vdlitme usd density of water witli change 
of temperature. — "Water espands and decreases in density 
as the temperature nses, and though in ordinair hydraulic 
calculations ibig is disregarded -vrithciut seriaus error, it is 
othenriss when dealmg with water raised to steam tenpemrures. 
In the foUowin" short Table tr is the rebtive density, that of 
purs -rater at S9'^S P. bdng taien as unity, G is the \ oiirlit 
per cubic foot Eouglilv, if the tbn ity of pure -rater r Tjmty, 
that of rrver water is cm the i' "* '"'OS.tlju mg 

■rater 1*001, and tint of sea n* 
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Devsitt op Pore Water at Dipperem Temperatores 


Tempera 
tnre Fahr 

Relatue 

Density 

aa eight of & 
cub ft 
in lbs 

Tenpera 
tare Pahr 

Relatire 

Density 

Weight of a 
cub ft. 
in lbs 

t 

tr 

G 


cr 

G 

3*2 

99987 

C2 41C 

130 

98608 

61 666 

39 3 

1 00000 

62 424 

135 

98476 

61473 

46 

99992 

62410 

140 

98338 

61 386 

60 

99976 

62 408 

145 

98193 

61290 

55 

99946 

62 390 

150 

98043 

61203 

60 

99907 

62 3GG 

155 

97689 

61 100 

65 

99859 

62 336 

160 

97729 

61000 

70 

99802 

62 300 

165 

•97665 

60 904 

76 

99739 

62 261 

170 

97397 

60 799 

80 

99GG9 

62 217 

175 

•97228 

60 094 

85 

99592 

62109 

180 

97056 

60 586 

90 

99510 

62116 

165 

96679 

CO 476 

95 

99418 

02 061 

190 

96701 

60 365 

100 

99316 

01998 

195 

98519 

00251 

105 

09214 

61 933 

200 

■96333 

60135 

110 

99105 

61 865 

205 

96141 

00 016 

116 

98991 

01 794 

210 

95045 

50 893 

120 

126 

08870 

08741 

Cl 719 
61038 

212 

05665 

59 643 


For temperatures greater than those jd the Table, Eankine's 
approximate rule maj bo used 

^ 124 85 

~/j-46J_ 600 

500 ■^(+401 

The following arc > ilues at a few temperatures calculated by 
this rule — 


1 

G 

50 

6242 

100 

62-02 

200 

CO-OB 

250 

66 75 

300 

57 29 

350 

65 78 

400 

54 21 


It will be seen that in dealing with lolumes of water at 
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steam tarnperatnreS th‘=’re would be great error in ne^Ifictin? 
the change of denntj’ with change of tpmperatnreL 

4. Zatenjitj of presjnre . — Yery rarfons units of intensity 
of prassnre are adopts in difierent cases, depending in part 
on the different methods by which the pressure is measmed 
Tfie following Table gives e-^mTalent values of various units 
and the logarithms of the conversion factors * — 


Uvm or IvrrtsiTT of Peessube 



3foltiptier 

I^e^anthn. 

Atmospheres into Jhs. per eqoare inch 

ur 

1 1672 

» tt n square foot 

21163 

3 3256 

„ „ kilograms per square centi- 



metre 

1-0335 

0-0143 

Feet of water at 53* into lbs. peraqaareinrli 

0 4353 

1 6368 

1 ) » i> «t square foot 

62 4 

17062 

Founds per square inch into feet of water 

230S 

0 3633 

„ square foot „ „ 

0-01603 

2-2049 

Kilograms per square centimetre into lU. 


1 1530 

per square inch 

14 223 

Inches of mercury at 32*into lbs. persquarc inch 

04912 

T6912 

H „ „ ,, sqoarefoot 

70 73 

13406 


5 Atmospheric pressure — In most cases a liquid mass 
has at some point a free surface exposed to atmo^heric pressure 
which IS transmitted throughout the mass. In any given 
case the atmospheric pressure can bo deduced from the baro- 
metno height at the gi\en place and time On the average, 
at sea-level, the atmospheric pressure is 29 92 inches of 
mercury at Z2°, 33 9 feet of water, 14 7 lbs per sq inch, or 
211G 3 lb& per sq foot 

l\Iany forms of pressure gauge indicate only the difference 
between the pressure at a point and atmosphenc pressure 
Pressures so observed are termed gauge pressures Tiie gauge 
pressure plus the atmospheric pressure is termed the absolute 
pressure 

6 Acceleration due to gravity — The acceleration due 
to gruMty, denoted by varies with latitude and elevation 
In practical calculations it is usual to disregard this variation 
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m ordin-iry In tins tro-itise g will be taken at 32 18 

ft per eec. per see., or at 9 8088 metres per sec. per sec. 


EvoLTsn SlEAScnra 

Logarithm 
? = 32 18 1 507C 

2j=C4 3G 1808G 

6-C73 0 7638 

8023 0 0043 

3^2?= 6349 07283 


ilcTRto Measures 

Logarithm 
(7« 08088 09916 

2j«19017G 12927 

31319 04958 

4 4292 06463 

2 9528 0 4702 


The following table gi^es an idea of the amount of the 
\*anation of g vnth latitude and ele\ation — 


Values op j A^D ,j2g 




Bevalion »bo»e Sea Level In FeeL 


lAUtnde. 

TtpicaI I^oeolitr 

0 

2500 

6000 

0 

2500 

5000 



1 aloes of 9 In Feet 

Values of V(29) 

CO* 

North Canada 

32 215 

3221 

32 20 

8-027 

8-02G 

8-025 

86' 

North UritaiQ 

32 200 

3219 

32 18 

8 025 

8 024 

6-023 

40* 

filediterranean 1 
^Philadelphia / 

32154 

3215 

32 14 

8019 

8-019 

8-018 

30* 

fNorth India 1 
\New Orleans / 

32124 

3212 

32 11 

8-016 

8-015 

8-014 

20* 

Cuba 

32099 

32 09 

32-08 

8-012 

8-011 

8-010 


At Greenwich ff = 32 191 , ^/2^s= 8-024 
AtPans 9=32183, 72j=8023 


7 Transformation of an cqnation from one system of 
umts to another — national homogeneous equations are valid 
in all systems of umts, but a large proportion of hydraulic 
equations are empirical and require different numerical 
coefficients for different units. For mstance, let 

M=it:V{A(l+y ^/B)} 

be an equation in which M, A, B are in feet, and x and y are 
numerical coefficients It is required to find the values of x 
and y when M, A, B are in metres. The equivalents of if, A, 
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pressure on the vertic-il projection ej of the part cd of the sui- 
face The only unbalanced part of the pressure on aJ is p x 
oc, and the resultant vertical 
pressure on the whole curved 
surface ACB is p 2 de that 
18 p X the horizontal pro 
jected area of the ciu'ved 
surface — that is, if the ring 
18 one foot in length, pi lbs 
Hence the resultant pressure on any curved surface cut off by 
a plane is normal to the plane, and equal to the intensity of 
pressure multiplied by the area of the projection of the 
surface on the plane 




Kxample 1 — Consider a IioIIow cylinder of diameter rf feet subjected 
to a uniform internal pressuic p llo. per square foot Let abed be a 
diametral plane dividing the cylinder into bah es. Tbe resultant pres-ure 
P on each lialf is normal to abed, and equal to 

l*=j»xares abel 
=pld lbs , 

because Id is tbe area of the projection nted of the scaiicyhnder 
Example 2 — Some pumps ha\e trunks of 
half the area of the piston 

Let D be the diameter of tbe piston ab m 
feet, d that of the trunk ed, and let ^ 
pressures on front and back of the piston m 
lbs. per square foot Tlien Pj ®ct3 

fonrard on the back of the piston, and 
P;«=Pj^(D* — (f’) acts bnckuardsoD the annular 
fact, of tbe piston. The resultant force dniing the piston is 


c e 
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lln If the pj«toii f\cM arc or ctirrnl In 

anr wav the jT«ulUnl dririnp j rt^nre « not aUcroL 


lo Abutment at dead ends or bends of pipes — The 
ends of piivs ^^hcn bhnkod oiT are eulijcct to an endwajs 
lliru5t whicli, if not re^jxlod b} an abut- 
ment, would dnw the adjiccnt pipe joints 
Let d be the diimclor of the pipe m 
Indies, A the greatest statical pressure m 
the pipe in feet pf licid, for instance tlic 
(hnircnco of let el of the surface of water 
in the supply rc«enoir and the pipe end. 

Then ns, from §4, tlio prassure is 0 4333 A lbs. per square 
inch, the total thrust on the pipe end is 


rig 9 


r = |x 433(rAe0 34d*Albs 

This IS often n considerable force In a 3C inch pipe under 
200 feet of head the thrust would bo 88,180 lbs., or nearly 
fort} tons. Under certain circumstances such ns the sudden 
shutting of a aahe on a branch near the pipe end, an 
additional thrust duo to dynamic tl action might bo produced 
Consider next a pipe hcndflig 20), and let rfOi = ^,rf = 
the pipe diameter, and A the head m feet The wedge ahed is 

acted on by the thrusts P = P = ^ x G2 A^h = 49(PA lbs along 
the axis of each pipe The resultant thrust tending to displace 
the bend is 

II = 2P Bin 5 = 98d*A sm ~ lbs 

Thus for a 36 inch pipe witli a bead of 200 feet bent at an 
angle of 120®, so that d“=60% 

K = 98 X 9 X 200 X Bin 30® = 86,200 lbs 

If the water is flowing round the bend there is additional , 
thrust due to the deaiation of the water, which will be 
discussed in a later chapter It is usual to provide a 
masonry or concrete blocX to resist the thrust m such cases 
The result can be arrived at in another way If we 
suppose the pipe divided into two troughs of semicircular 
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pressure on the vertical projection cf of tlie part cd of the sui- 
face. The only unbalanced part of the pressure on is x 
5 ?, and the resultant vertical 
pressure on the whole cun’cd 
surface ACB is p S ae, that 
p X the horizontal pro- 
®jected area of the curved 
surface— that is, if the ring 
IS one foot in length, p/ lbs 
Hence the resultant pressure on any curved surface cut off by 
a plane 13 normal to the plane, and equal to the intensity of 
pressure multiplied by the area of the projection of the 
surface on the plane. 




Example 1. — Consider n Iiollow c}lindtr of dianiettr d feet eulyccted 
to a umfonn internal pressiiic ILa. |>cr pquare foot Ltt a6fd be a 
diametraJ phne dit iding tliecjhndcr into IliIic* TJie rtsaJliat pnssuft* 
P on each Jnlf 15 normal to aM, and equal to 

P=5^>**fca aM 
=/// lU . 

l)ceati<c W IS the area of the projection nM of tilt Bcniicjlindcr 
Example 2 — Some pumjis Ime trunks of 
half tht am of the pnitoii 

Lit D }>o tht diameter of the piston ab in 
fi* f, d that of tlio trunk at, ami let ppp. bt the 
pri-wun-s on front and Ivick of the piston in 
llflt i*.r r/juan fiot. Then 
fontard on the lock of the ptstun, and 
P} - «r> acts hickwariI«on the annular 

fa<T* (f th. iwton The rnullant fturo droing tie |liton It 


e t 
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f {(Pi piston faces are recessed or curved in 

any way tbe resultant driving pressure is not altered 

15 Abutment at dead ends or bends of pipes — The 
ends of pipes when blanked off are subject to an endways 
thrust which, if not resisted by an abut- 
ment, would draw the adjacent pipe joints 
Let d be the diameter of the pipe in 
inches, h the greatest statical pressure in 
the pipe in feet of head, for instance the 
difference of level of the surface of water 
in the supply reservoir and the pipe end 
Then as, from §4, the pressure is 0 4333 h lbs per square 
inch, the total thrust on the pipe end is 

433<rA = 0 34irAlbs 

4 

This 13 often a considerable force In a 36 inch pipe under 
200 feet of head the thrust would be 88,180 lbs, or nearly 
forty tons Under certain circumstances such as the sudden 
shutting of a valve on a branch near the pipe end, an 
additional thrust due to dynamical action might be produced 

Consider next a pipe bend (Fig 10) and let dOh^d d = 
the pipe diameter, and h the head in feet Tlie wedge alcd is 

acted on by the thrusts P = P = ^ X 62 lbs along 

the axis of each pipe The resultant thrust tending to displace 
the bend is 

R 2P Bin ^ = 98rf*A sin ^ lbs 

Thus for a 36 mch pipe with a head of 200 feet, bent at an 
angle of 120°, so that 0=60“ 

R = 98 X 9 X 200 X sm 30“ = 88,200 lbs 

If the water is flowmg round the bend there is additional , 
thrust due to the deiiation of the water, which will be 
discussed m a later chapter It is usual to provide a 
masonry or concrete block to resist the thrust m such cases. 

The result can be arn\ed at m another way If we 
suppose the pipe diMded into two troughs of semicircular 

2 




18 


HYDRAULICS 


CHAV. 


section by the line e/, all the upward-acting pressures act on 
the upper, and all the downward-acting pressures on the lower 
trough. The projections of the troughs on a horizontal plane 



are shown below. The difference of their areas is the area of 
the two ellipses, the major axes of which are d and their minor 

axes d sin Hence the upward thrust is 
R = ^d'^p sin 


= 2P 



j. chord tf 
radius 


1C. Hydraulic press. — Suppose u vessel fitted witli two 
pistons of area a and A normal to the direction in which the 
pistons move. If a downward pressure Pj is c.xcrted on tlio 
smaller piston a much greater upword pressure P* will bo 
exerted on the larger. The intensity of pressure in the 
fluid is Pj/a, and the upward pressure on the largo piston is 
PjSsPjA/a. This is the principle of the hydraulic press, in 
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tthjcli pro^'UTt! j>ro(ltifysl tlj<* plunger of n Fmill ptimp 
Inn* nut'll to i >rrT litgc nm 

ObviouOr tlio Fimll pj«ton will move n gmter (li«t'incc 


J,' 

P. 

orm a 


" — — — — 

— — 


IV 11. 


thin iho 1 irgcr If r,. fj nre the pi«ton rclocilie**, r,/rj «= A^n. 
The \ohime r,ft <li«jilicetl !»\ the Fnnll pi«ton w cqinl to the 
lolumc TjA ilp^crjhxl hj the lii^e juston Gtncnlly the 
fnction of the pi«loni not incoiwlcnble, nnd Ihn modifies 
fomcwhit the nljo of the cflorti giien nl»o>c. 

CcLaple —TIic ptinip plunp r of ft Urg<. prv^< u ) inch in diimcter, 
ftnd ihf rua h 20 ineho »n Tlien A/a ■ 20V( J)* “710 

Su] ]>oNe a nun rxrru I j* a Icrcr a furre of Pi* l&O lla on the ] lunger. 
Tlien the upvard force exerted !•} the pit«« ram >< 710 x ISO “ 100,500 
Iln, or 48 loa*. Thai ii neglecting the fnction of j liingvr and ram To 
more the jn* nm one inch the plungir tnuil move through 710 inches. 
Gorging rr»*we hare U"ca made on thi» principle eapahlc of exerting an 
elTurt of 1 0,000 tuna 


rnoiJLEjii 

1 Treating water as incompressible, find the pressure in tons per 
square foot on the bed of the Atlantic, the depth being 5 miles, 
weight of fca water C4 IbA. per cubic foot. 754 

2. tVith the conditions in the last que«tion, find the weight of a 

caVic loot bl wsUrr z\ lftie \>c4 o1 tttc Xtl'nrtic, Wung t^e com* 
pression of the water into account. CCC lbs. per cubic foot 

3. A pipe 24 inches in diameter lias a right-angled bend. The 

pressure in the pipe is 150 feet of head Find the force tend 
ing to displace the bend 18 C tons. 

4 Show that the surface of water in the buckets of n waterwheel 
revolving uniformljr ore parts of cylindrical surfaces luving 
the same axis. 
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section by the line tf, all the upward-acting pressures act on 
the upper, and all the downward-acting pressures on the lower 
trough The projections of the troughs on a horizontal plane 



Fig 10 


are shown below The difference of their areas is the area of 
the two ellipses the major axes of which are d and their minor 

axes d sin ^ Hence the upward thrust is 
E = sin 


= 2P 


0 p chord g/ 
2 " radius 0« 


16 Hydraulic press — Suppose a vessel fitted with two 
pistons of area a and A normal to the direction in which the 
pistons move If a downward pressure Pi is exerted on the 
smaller piston a much greater upward pressure P 3 will ho 
exerted on the larger The intensity of pressure in the 
fluid 18 Pi/a, and the upward pressure on the large piston is 
Pj = PjA/a This 18 the principle of the hydrauhe press, m 
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which pressure produced by the plunger of a small pump is 
transmitted to a %cry large ram 

Obviously tlic smill piston will move a greater distance 



o/tcaA 


Fg n 

than the larger If v,, i j are the piston velocities, Vj/Vj = A/a 
The volume Vja displaced by the small piston is equal to the 
volume ii,A described by the large piston Generally the 
fnction of the pistons is not inconsiderable and this modides 
somewhat the ratio of the efforts given above 

Ezample — The pump p!ung«r of a large press is | inch m diameter, 
aad the press ram is 20 inches in diameter Then 710 

Suppose a man exerts 1/ a lever a force of Pj 150 lbs. on the plunger 
Then the upviard force exerted by the press ram is 710 x 160 s 106 600 
lbs., or 48 tons. That is neglecting the friction of plunger and ram To 
more the press ram one inch the plunger must more through 710 inches 
Forging presses hove been made on this principle capable of exerting an 
effort of 10,000 tons. 


Prodleus 

1 Treating vater ns incompressible find the pressure m tons per 

square foot on the bed of the Atlantic, the depth being 5 miles, 
weight of sea water G4 lbs. per cubic foot 754 

2 With the conditions in the last question find the weight of a 

cubic foot of «aJ£r at ibe bed of the Atbntj<v talvin^ the rom 
pression of the water into account 66 6 lbs. per cubic foot 

3 A pipe 24 inches in diameter has a right-angled bend. The 

pressure in the pipe is 160 feet of head Fred the force tend 
ing to displace the bend 18 6 tons. 

4 Show that the surface of water id the buckets of a water wheel 

revolving uniformly are parts of cylindrical surfaces having 
the same axis. 
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section by the line ef, all the tip^vard-actlng piessures act on 
the uppci, and all the downward-acting pressures on the lower 
trough The projections of the troughs on a hoTi 2 ontal plane 



are shown below The difference of their areas is the area of 
the tw 0 ellipses, the major axes of which are d and their minor 

axes d sin ^ Hence the upward thrust is 
K=2jJ>sin|. 


= 2P sm 


0 _ p chord tf 
2 ~ r'ldius Oe 


1 6 Hydraulic press — Suppose u \ essel fitted mth two 
pistons of area a and A normal to the direction in which the 
pistons move If a downward pressure Pi is exerted on the 
smaller piston a much greater upward pressure P- will h® 
exerted on the larger The intensity of pressure in the 
fluid IS Pi/a, and the upward pressure on the large piston is 
P, = PjA/a. This IS the principle of the hydraulic press, m 
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Tvhich pressure produced bj* the plunger of a 'snnU pump is 
transmitted to a ^cr^ hrgo rim 

Obviouslv* the smill piston will mo\*e a greater distauto 
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than the larger If t j, t ^ are the piston a clocitios, t ,/t , e= A/«r 
The volume tin displaced bj tlio small piston is ctpml to the 
volume lyV described b} the largo piston Genorall) tlio 
fnction of the pistons is not inconsidcnible, and tins inodilits 
somewhat the ratio of tlic efforts given above 

Example — Tlic pump plung rofa hrgv pri^ is j lacli in divinctir, 
and the press ram w 20 inches in diameter ihen A/ft^20V(3)*"710 
Suppose a man exerts by a lever a force of Pji* l&O lbs on tlio ] Iniigur 
Then the upward force exerted by the press rain is 710x iBOi- lOO.ftOO 
lbs., or 48 tons. That is neglecting the friction of ])]ungi.r And rAin lu 
more the press ram one inch the plunger must tnovu tlirough 710 inelui* 
Forging presses have been made on this principlo cAjiablo of exerting nn 
effort of 10,000 tons, 


rnoBLEMB 

1 Treating water as incompressible, find the preanuro in tons j er 

square foot on the bed of the Atlanta^ the dc^ tli being & inlhs, 
vreight of sea water 04 Iba per cubic foot. 7C4 

2 With the conditions in the last question find Iho weight of a 

cubic foot of water at the bed of the Atlantic^ tnkui^ Uin com* 
pression of the water into account CO C lbs. per cubic fi ot. 

3 A pipe 24 inches in diameter has a right-anglol bend 'llio 

pressure in the pipe is 160 feet of head hind the force lend- 
ing to displace the bead 18 0 tons. 

4 Show that the surface of water in the btickeU of n water wheel 

revolving uniformly are parts of cylindrical surfaces having 
the same axis. 



CHAPTER II 


nSTRIBTJTION OF PRESSURE IN A LIQUID VARYING WITH 
THE LEVEL 

17. Pressure column. Free surface level. — Let a small 
vertical pipe AB bo introduced into a mass of liquid. The liquid 
■will rise in the pipe to some level 00, such that the weight 
of the column BA balances the pressure on its mouth. This is 
true whether the liquid is at rest or in motion, provided tine 
mouth of the pipe is parallel to the 
. direction of motion so that the liquid 
docs not impinge on it. The height 
‘d AB = A measures the pressure at A. 
hat to bo the area of the cross section 
of the pipe, p the intensity of pres- 
sure at A, and G the weight of a 
cubic unit of fluid 

pii} s GAu 

GA or Assp/G . (1). 

If A /s feef, js> jj3 por s/j. fty 
G = C2*4. Tor metro-kilogram units 
Fi?. 12 . G = 1000. The result is expressed 

by saying tliat A is the height duo 
to tlic pressure p, or conversely j* tlio pressure due to tlje 
height A. The level 00 is the free exirfuco lo\cI. 

In general, atmospljcric pressure will bo acting on the free 
Burfaco at 00. Consequently h measures the gauge prewure, 
not the nb«oluto prc-ssuro at A (§5). Let pj l>e the atmo- 
spfioric pressure in Ib'^ per pq. ft Then p^/G is the height 
in fi'ct of water equivalent to ntmo'»p!icric pressure, utul Ihe 
nlnoluto pri-ssure at A is p « GA +p^ lbs ivr Bq. ft., or A 4-;>„/0 
20 
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feet of water js about 33 9 feet on the average If a 

line XX IS taken at a height pjG above 00, the absolute 
pressure at A is feet of water, the layer between XX and 
00 representing a lajer of water the weight of which is 
equivalent to atmospheric pressure In many hydraulic 
problems only differences of pressure at two points are con 
cemed, and atmospheric pressure may then be ignored 

18 Relative level of liquids of different density — 
Suppose two liquids of density G,, Gg are placed in a bent 
tube At the level of the plane 
of separation 00 the pressure 
must be the same in both arms 
Hence the pressure of the two 
columns above tint level must be 
the same 

G./G, = VA. (2) ^ 

As atmospheric pressure is the 
same on both columns it docs 
not need to be taken into con 
sideration 

Watt’s hydrometer — A bent tube connects two bcakere 
contauung fluids of different densities Gj, Gj. 
If a partial vacuum ja formed xn the bent 
tube tlic liquids will ri.% to different heights 
/ij, Aj Dit be tlic pressure in the bent 
tube and the ntmosplieric pressure on the 
free surface in the beakers The pressure 
due to the weight of the columns in cacli 
leg must be equal to the difilrence of pres* 
sure Pa “7V Hence 

G,/Gg«A.fA, (3). 

I If the den'itv of one of the fluids i« known, 
that of the other can bo determined by 
tnea'unng the liexcht of the column? 

Mercury siphon gauge — Presmre is 
ofltn measured Iv a fiphoa gauge AB containing mercury 
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and open at one end to the atmosphere Let Tig 14a repre 
sent a water mam C in which the pressuie is to be determinedi 
and let h be the atmospheric pressure in 
inches of mercury, h the difference of le; el 
of tlie mercury columns in the siplion 
gauge in inches The absolute pressure 
at A IS 5 inches of mercury, that at B is 
inches of mercury If the specific 
gravity of mercury is 13 57, the absolute 
pressure at B is 
13 57 


H 




(i + A)- 


12 


s 1 1 3 1 (i + A) feet of water 


Fig 14a 


If, as IS often the case, the siphon gauge 
18 at a considerable height H feet above 
the centre C of the main, the absolute 
pressure at C is 

1 J 31 (A + A) + H feet of water, 
and the gauge pressure, or pressure in excess of atmospheno 
press™. 18 I13U + H 

19 Pressure on surfaces varying as the depth from 
the free surface — In any heavy fluid the pressure must 
increase with the deptli reckoned from the actual or virtual 
free surface 

Let A be a small vertical surface of area <u sq ft at a 
depth A ft The mtensitj of pressure at that depth is p = GA 

lbs per sq ft The total pressure on 

the surface is pa> = GAt» lbs Take 
a surface B equal and parallel to A 
at a distance A, and complete the 
prism AB Its aolumo is ha> and jf 
composed of fluid its weight is GA<y 
lbs 

Hence tho horizontal pressure on 
a small vertical surface at the depth 
A 13 equal to the vveiglit of a prism of 
fluid of length A and cross section 
equal to tho area of tho surface It v'lll easily bo seen 
that tho restriction to a vertical surface is not necessary 
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But in any caso tho resultant pressure thus estimated is 
normal to the surface 

When the surface is not small it cannot bo regarded as 
all at the same depth But for each small clement of the 
surface the rule applies. Consider a strip abed of a vertical 
avail, of width ab^h, and licight ad = h, supporting water 
pressure Take de=^h and complete the wedge abedef At 
any depth the intensity of pressure is proportional to the 
horizontal thickness of the wedge at that depth The total 



pressure on the avail is the weight of a wedge abedef of fluid 
The volume of the wedge is 4&A* and the pressure on the 
wall xs 

P = JG6AMbs (4) 

Further, since the distribution of pressure is represented 
by the wedge, the resultant pressure acts through the mass 
centre of the wedge, that is at A/3 aboa e the base. 

As the pressure a anes uniformly the mean pressure m this 
caoe IS 

= 4GtA7&A= iGA lbs per sq ft., 

which IS the pressure at the mass centre of abed 

The rule is generak The mean pressure on any immermd 
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plane i3 the pressure at its moss centre due to its depth fiom 
the free surface, and the resultant pressure norrml to the 
surface is the mean pressure multiplied by tho area of tlio 
surface Xhe point of the surface at which tho resultant 
pressure acts is not in general the mass centre, and 
this will be determined presentlj In tho case of a curbed 
surface the total pressure is also the pressure duo to the depth 
of the mass centre multiplied by the area of the surface, but 
this result has little meaning As the pressure acts cNcrj- 
Avhero normal to the surface the total pressure consists of 
components acting in diflercnt directions The resultant 
pressure on a curved surface will be found presently 


Example.— A vertical semicircuLar plate of radius r Act and area 
= supports Avater on one side level with its straight edge Tlio 

depth of the ma'a centre of the semicircle la 4r/3r The mean pressure 
on the surface i3_p„ = 4Gr/3- lha. per square foot The re iiltant pressure 
on the surface is 




ICr «f. 

' 3r 2 ■ 




Water at different levels on two sides of a wall — In 
cases of this kind it la con\ciiient to consider a strip of the 
wall one foot in width (Fig 17) 


. h- ► 



I>t If, h, ly* the df'ptli5 of water Tho ih‘>tnbution of 
prev^iiro on each eulo is gi\pn liy the doltc<I tnivngh'3 with 
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bases equal to /tj, and the total pressures Pj, Pj are equal 
to the vreight of wedges of water one foot thick of the area of 
these triangles. Hence the pressures per foot run of wall are 
Pj— and p 2 = ^G/ij* lbs. These pressures act at ?ii/3 
and h^jZ abo^e the base of the wall, and the o%ertuming 
moment about the toe A of the wall is 


• ■ • ( 5 ). 

let the nail be h feet high and h feet thick, and let G„ be 
the weight per cubic foot of masonry. The weight of the 
wall is lbs., and the moment about A resisting o\ er- 

turning is G^Wi X = 4G,^6*A. If the moment of stability is 
to be 2^ times the overturning moment 

5g„i’a=^g(V-V) 




(C) 


In tills case as the total atmospheric pressure is the same 
on both Bides of the wall it is neglected without any error. 

20. Pressure on a flap valve covering’ the end of a 
pipe of circular section (Fig 18) 

Let d be the diameter of the pipe in feet and 0 the angle 
of inclination of the flap to the ^crtlcaL The projection of tlic 

flip on a vertical plane is a circle of area A, — Its j'ro- 
jeetion on o horizontal plane is an cllip'=o, the princijvil axes 
of which are d and d tan 0. Hence its area is tan 0. 

The mean head on the flap is 4 measured to its centre of 
flgunj. The horizontal and > crlic.il components of the j»re«*ure 
on the flip are equal to the mean pit-ssure muIliplKil by the 
areas of the \crtical and honionlal projection'.. That i«, the 
aertical comjHmcnt is 


V , » GA . A, - tan e II.I-. 
.ind the luinroal.d ci'injioneal i' 


r..GA.A..^l.'tI'.t 
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The resultant pressure normal to the flap is 

P - ^/(P/ + Pa^) - GhA lbs . . (7) 

It will be shown presently that the horizontal component acts 
at a point h + dr/XGh below the water surface, which is more 
nearly equal to k as h is greater. If the horizontal component 



IS drawn at this depth, the point where it intersects the flap 
IS the centre of pressure at which the resultant pressure on the 
flap acts 

21. Centre of pressure on any vertical surface . — Let 
AB (Fig. 19) be any surface of area A square feet, the vcrticjal 
projection of which is given on the right Let h^, /ig be the 
depths of A and B from the free surface let D be the mass 
centre of the surface at depth h„ and E the centre of pressure 
at depth s The resultant pressure on the surface is 
F=^Gh„A lbs 

Consider a horizontal strip of the surface between the depths 
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h and h-\-dh and of width 6 Its area is hdh, and the pressure 
on it IS Ghhdh The moment of this, about a horizontal axis 
through C, is G67t*rfA The total moment of the pressure on 
the surface about 0 is therefore 

G 6Am = GI, 

JAi 

where I is the moment of mertia of the surface about a 
horizontal axis through C, normal to the plane of the figure 



But this must bo equal to llic moment of the resultant 
pressure about the same nxia Hence 


Pr«GA,„Az*=GI 


I 


(P). 


or if I eb/'A vhere / is the radius of gjTation cf llie f jrfire 
about the axis through C, 


r 

A- 


(?) 


The inouwnt of of a an ax • tl 

the iin**! c»ntn of the furf cs is kno«ii f - sario^s 
Dt Ip K till mo’mist ofimrta<f t' e i-Kirea’. .* an ai*» 
through Its mnsji tt • i»t a* J normal to il o jl-i.- i* - £ 
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Then by the well known rule 

I = Ifl + A^<n 


Example — Let the surface be a circle of diameter d 


( 10 ) 


=/m + 






22 Pressure and centre of pressure on any plane 
surface — Let AB be the surface in a plane normal to the 
plane of the figure inclined 
^ at 0 to the honzontaL 

^ Take OB for the X axis 

and an axis through 0 per 
pendicular to the plane of 
the figure for the Y axis 
Let A be the area of the 
surface , B the pressure on 
It , OA =* «! , OB as *2 
Fig 20 Let c be the mass centre 

of the surface and d the 
centre of piessure and let and 

Consider a strip of the surface between x and x-\-dx of 
breadth y Its depth below the water surface is z sin 0 and 
the total pressure on it is Gfa; sm 0r/dz Hence the whole 
pressure on AB is 



B s G 6in 


pi 

But I xydx = Axe 

J JCj 

R = GAXf sin 0 

where Ga?^ sin 0 is the intensity of pressure at the mass centre 
of the surface Taking luonicnts about the Y axis 


p2 , 

> I xyax 

J 
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But 3?yix 13 the moment of inertia I of the surface 


about the 1 axis 


But I = /-*A where t is the ndius of gyration of the surface 
about the Y axis 

= i (12) 


The lateral position of tlio centre of pressure is found thus 
the moss centre and centre of pressure of the surface are in 
the same xcrtical plane parallel to the plane of the figure 
IMien surfaces are not vertical it is often convenient to 


find the component pressures on their horizontal and vertical 
projections separately and combine them 

The Table on p 29 gives the pressure and depth of 
centre of pressure for aarious vertical surfaces 



F g 20a 

23 Graphic determination of the pressure on surfaces. 
— Case of a curved face of a retainmg irall or dam. Let 
Fig 20a represent the vertical section of a cuned wall. 
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ABCD, which may be treated as polygonal without serious 
error if the divisions are taken email enough It is con- 
venient in such cases to consider one foot length of the u-all 
The curved face being divided into lengths AB, BC, CD, 
each ec^ual to «, the area of these faces wiU be a also Let 
7fi, 7i2, A 3 , 7ii bo the depths of A, B, G, D below the free 
surface Take Aa normal to AB and equal to hi , BJ normal 
to AB and equal to 7i^ Join ah Then An5B represents 
in magnitude and distn 
bution the normal pressure 
on AB The total piessure 
on AB 18 the weiglit of 
a yrism of water AaAB 
one foot thick That is 
Pj = ^GaCAj + Aj), and it 
acts through the mass 
centre C of Aa&B nonnolly 
toAB Similarly the pres- 
sures 1\ = 2 Gn(7i^ + h^), 
and I\®siGrt(Aj -|-/0 can 
be found m position and 
direction Dnw the force 
polygon (Big 20&) witli 
' sides equal on ao^ scale 

1 , / and parallel to P,, P-, Pj 

‘ ,y The closing lino gives the 

• ' resultant B in magnitude 

* and direction Choose a 

Fig 206 polo 0 and draw rays to 

the angles of the force 
poljgon Next draw the funicular polygon with sides 
vin, no, optpq parallel to the raja, taken in order, and intersect- 
ing the pressures Pj, Pj, P, at n, 0 , p Produce the first and 
last hues of the funicular poljgon to meet in * Then x 
13 a jioint through which the resultant B of the pre-.sure 
nets. It can bo drawn through i and parallel to It in tlio 
force poljgon Tho resultant pressure on ABCD is then-fon. 
found in magnitude, position, and direction 

21 Loss of weight of immersed bodies Buoyancy 
Pnnciplo of Archimedes-— Let lig 21 rtprc'iont n l>od> 
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immersed m uater. Consider n prism ah of small cross 
section at a depth h Since the vertical projections of the 
two ends of this pnsm are 
equal, and the pressure duo to 
the depth h is the same on 
each, the horizontal forces on 
the prism must balance , and 
smee the body can be divided 
into such prisms the horizontal 
forces on the whole body must 
balance also Kext consider 
a small vertical prism cd If 
cj IS the horizontal cross 
section, and h^, Aj the depths 
of the ends below the free surface, the resultant pressure acting 
on it is an upward force Gft)(A, — Aj) But this is equal and 
opposite to the weight of a prism cd of water Since the 
body can be divided into a set of similar \ertical prisms, the 
whole upi\ard pressure on it must be tho weight of a volume 
of water equal to the volume of the body If W is the 
weight of the body not immersed, and V its volume, the 
upward pressure is GV, and tho resultant downward force 
W — GV The body loses, when immersed, a weight equal 
to the weight of water displaced The upward pressure GV is 
termed the buoyancy, and it acts through the mass centre of 
the water displaced, a point termed the centre of buoyancy 
If the body is homogeneous, the centre of buoyancy comcides 
with the mass centre of the body provided it is wholly 
immersed If the bodj is not wholly immersed, or is hollow 
or of varying density, the centre of buoyancy will not generally 
coincide with the mass centre o1 the body 

Note that if GV is greater than W the body will float 
As part of it rises out of the water, the volume V of water 
displaced dimimshes The plane of flotation when the bodj 
comes to rest is such that GV = W where V is not now the 
volume of the body, but the volume of the water displaced, 
the buoyancy then exactly balancing the weight 

25 Eqnilibnum of floating bodies — If a body floats on 
water the weight W of the body and the buoyancy B are 
equal But "W acts at the mass centre b of the body, and B 

s 
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at the mass centre a of the displaced watei'. If these are not 
on the same vertical there is a couple "Wx tending to turn the 

body, and it must move 
till « is on a vertical 
through 6. The line pass- 
ing through a and h when 
the body has taken a 
position of rest is called 
the axis of flotation. If 
the axis of flotation is 
known, as in the case 
B W of various symmetrical 

Fig. 22. bodies, the depth of flota- 

tion is easily found. Thus 
if the body is a prism of section A perpendicular to the axis 
of flotation, W its weight, and D the depth immersed, 

D = W/GA 

Stability of floating bodies. Metacentre. — A body floats 
in an upright position if a plane through the axis of flotation 
divides it into sym- 
metrical parts. The 
body is stable if when 
slightly displaced it 
returns to its former 
position, unstable if 
a small displacement 
tends to increase. 

LefSig. Tepresent 
a floating body, and 
let "W be its weight, 

V its displacement, 
so that IV = GV 
Let B be tlie centre 
of buoyancy when the body floats upright, and G it.s mass centre. 
If the body is displaced, the centre of buoyancy moves out to 
some point B,. The weight TV and buoyancy GV then form a 
couple tending to rotate the body. Let bo the intersection 
of GV with the axis of flotation through B and G. This 
point is termed the mctacentrc. If M is above G the body 





DISTRIBUTION OF PRESSURE 


35 


will turn so that G sinks and M rises, and the action, tends to 
annul the displacement If if is below G the body is im- 
stable. If il and G coincide equilibrium is indifferent. 

"When M is above G the righting couple is "Wx, where x is 
the horizontal distance between the metacentre il and the 
mass centre G. If MG = c and ^ is the angle of displacement, 
the righting couple is Wc sin ^ It increases, therefore, with 
c. On the other hand the rapidity of rolling increases with c, 
and therefore there is a limit to the metacentne height which 
is desirable. But these are questions beyond the scope of the 
present treatise. 

PnOBtEMS. 

1 If mercury is 13^ times heavier than water, find the height in 
inches of a mercury column corresponding to a pressure of 
100 lbs. per square inch. 205*1. 

2. A masonry dam vertical .on the water side supports water of 100 
feet depth. Find the pressure per square foot at 25 and 75 
feet from the w-ater surface, and the total pressure on one foot 
length of dam. 1600 and 4060 lbs. per square foot; 312,000 lbs. 

3 Find the resultant pressure on a circular plate 5 feet in diameter, 

•with Its lop edge 10 feel below the water Burficc— (1) TTlien 
the plate is icrtical ; (2) When the plate is inclined at 30* to 
the boruoataL Also the position of the centre of pressure 
when the plate ts >ertical 

15,310 and 13,790 lbs. , 12 025 feet from surface. 

4 A dock entrance is closed by a caisson 50 feet wide at bottom and 

00 feet wide at the water surface, 24 feet above the bottom. 
Find the total pressure on the caisson when the dock is empty. 

958,280 lbs. 

5. Two lock-gates are each 10 feet wide, and support w.iter 10 feet 
deep in the head bay, the lock being empty The gates meet 
at an angle of 120’. Find the total pressure on each gate, 
and the thrust at the hollow quoins. 31,200 lie. ; 31,200 lbs. 
0. A ship weighs 1000 Iona Find its di»placement m sea water 

350,000 cubic feet 

7. If the ship in the lost question u \ertical-sided near the water- 

line, and has a section of 1500 square feet at the water-hne, hy 
how* much would the draught change in pa‘MDgfrom sea to 
fn'sh water 1 C fi-et. 

8. A homogeneous log is 3 feet wide, 2 feet deep, and 20 feet long 

Its dcn«ity is half tliat of waur II carries at its centre a load 
of2000 lia Find Its depth of immer«ion. 184 inches 

9 A dam supporting water pressure is verticil for 20 fi-'-t lelow tie 
water surfaft*, slop^-* at 1 in 5 from 20 fert to 30 fevt, and at 
1 in 3 from 30 feel to 40 f«t. Find, graphieallr, the n.agai- 
tude and jwition of the ra-nltant waUr pre*ure. 
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PEIlxClPLES OF irYDEAULICS 

26 Hydraulics is the science of liquids or incompressible 
fluids in motion, and corapnses — 

(rt) The laws of discharge from orifices, and sluices, and 
over weirs The application of these is chiefly to the meisiire- 
ment of the flow of water 

(J) The laws of flow m pipes, canals, and rners Tiie 
application of these is partly to water measurement, pirtlj 
to tho design of pipes and channels 

(c) Tho laws of impact of water streams on surfaces, tho 
most important nppbcatious of wincli are to tho design of 
some types of water motors. 

(d) The laws of the resistance of water to tho motion of 
bodies immersed or floating in it Tlic application of the «!0 
IS to ship design 

Pure theoretical hydrodjnamics 1ms proceeded but little 
beyond the consideration of tho action of a perfect fluid 
without ajscosjt^ TIjc conclusions reached are in no ca‘?c 
correct for actual fluids, and m some cases are in startling 
contradiction with tho facts of experience In practical 
liydraulics it is impossible to proceed on strictlj theoretical 
lines There arc ntional princijiles which seno for the solu 
tion of some clonieiitarj problems In nioro complex ca‘^“« 
dynamical rca''Oning sera es ns a basis or guide m genoniIi''ing tJio 
results of expenment. Hut usunllj in h}driulics theoretical 
conclusions hn\o to Ikj checked niid mollified lij the rt suits of 
ob«<orMitioii In rigid il^inimcs nitioiml solutions of jirobloms 
nro obtained kised on tho octiiniti dcltmuiialion of a fiw 
fundninciital phjsicil constants In Ii^drodumnucs the 
conditions arc gincmll} so coin{hx that no such sinijilc 
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nljoml conclupions nii be found In the strict wjn«c 
liydnulics is not n science. It is cmlnmssccl by tenglcs of 
formnlr nlncli, initnll} bace<l on iniix?rfcct mooning lia\e 
Iwn modified nnd nclju^toiJ toconfonn more or lcs.s nccumtcl} 
to the remits of cx|>onmcnt.s, tlicmmlica nfiocted to some 
extent by obvrMtionnl errors. On tlic oilier hind, it must 
bo rccognimil tint during more thin two centuries n icr^ 
large iniM of experimental ob'vnntion on the motion of wntcr 
in different circumstinccs his liocn ncciimnlitcd For the 
pnctic.ll purposes of the engineer, the eropincnl laws of 
hydnulics used with proper insight into their limitations 
are fiufhcicut nnd trustworthy ns solutions of pnctical problems, 
27 The two modes of motion of water — Tlio first 
fundimcnUil diflicully in h)dnulics is that wntcr moics in 
two different nnd chanctcristic wji}8 When water is occcler 
nted or retarded the inertia forces acting on the mass are the 
6.imc as for nnj otlicr heii) bo<lj But from the extreme 
mobility of the parts thej rcadil) take rclatixc motions which 
absorb cnergj , w Inch is npidly destroy ed b> internal retarding 
forces commonly torniod frictional resistances, though they are 
csscQtLill) different from the friction of solids. In certain 
eases these frictional resistances \ar} directly ns tlie tmns 
lational velocity of flow m others tficy iniy nearly ns the 
square of that lelocit^ It is clear that in the two cases 
there must be an essential diflcrcncc in tlic character of the 
motion Using floating threads or Professor Osborne Pej nolds’ 
method of coloured fluid streams it is found that in one class 
of cases the particles follow aerj direct end constant paths 
or stream lines , in the other the particles eddy about in 
constantly changing paths of great sinuosity Professor 
Pej nolds has pointed out tliat the surface of a slow current 
of clear water sometimes presents a plate -gloss appearance 
reflections of objects on the surface being undistorted That 
appearance corresponds to non sinuous or stream line motion 
At other times the surface presents a sheet glass appearance 
reflections being blurred or distorted That is duo to eddy 
motions slightly disturbing the avater surface In a nver 
in flood the continual breaking up of the surface by eddies is 
obvious enough 

Now in stream line motion of the water (Fig 24 a) the 
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resistance is due to the laminae sliding on each other mth very 
small differences of relative velocity The relative motion is 
opposed by the viscosity of the liquid , the resistance is of the 
nature of a shearing resistance, and is proportional to the 
velocity of shding On the other hand, m eddying or 
turbulent motion (Fig 24, h) the relative velocities are very 
much greater, energy is expended in giving motion to the 
eddies, and this energy is gradually dissipated as the eddies 
die out in consequence of their mutual friction The kinetic 
energy of an eddy is propor- 
tional to the square of its 
velocity, and as this must have 
a definite relation to the general 
vcIocity of translation of the 
stream it is mtelligiblo that 
the resistance varies nearly as 
NONSINUOUS square of the velocity In 

a stream in turbulent motion 
there is a continual generation 
of eddies and stilling of them 
again bj fluid friction, and 
consequently a continual degra 
datioii of mechanical energy 
into heat throughout the fluid 
mass The theory of stream- 
line motion IS much more 
Fg 24 perfect than the theor} of 

turbulent motion, indeed in 
the strict sense there is no rational theory of turbulent 
motion but only empirical laws deduced from oxpenment 
Unfortunately, almost all cases of practical importance to the 
engineer arc cases of turbulent motion 

In cases of eddying motion, such as that shown ni Fig 
24, h, the motion may bo analysed into two parts (a) a general 
avenge motion of translation and {1) an eddying motion 
supcriioscd winch has no resultaut motion It is the former 
only with wlucb the engineer is in gciic.nil concerned and to 
which tbo empirical laws of flow opi»ly 

As an instauco of bow eddying may come m to modify the 
action of water, on iiitertstiiig experiment by Jlr Church at 
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the Cornell University, may be taken He tried the discharge 
through two orifices, A and B (Fig 25) These were exactly 
of the same size, except that B had a smoothly formed con 
traction at the inlet, but it was found that B discharged 
about 10 per cent more than A. Now, 
why should contractmg the section increase 
the discharge? The I’eason is simple, viz, 
that in B the change of section of the 
water stream is fairly gradual, and there 
IS not much tendency to disturb the 
stream-line motion and generate eddies 
But in A the abrupt inlet angle generates 
eddies, and so destroys part of the head 
available for producing the xclocitj of flow 
But if the velocity of discharge is reduced 
10 per cent the kinetic cnei^ of the jet 
13 reduced about 20 per cent, or nearly 
one fifth of the energy is absorbed by the 
eddies due to the sharp comer That is a 
caso where the influence of eddies is com- 
paratively small In flou through a long ^ 'S 25 
pipe it 13 much greater Take a pipe of 
12 inches diameter with a virtual elope of 1 in 1000 If in 
such a pipe non sinuous motion were possible the %elocity 
Mould be 72 feet per second But the actual velocity, the 
motion being turbulent is onl} l| foot per second. The 
difference shows the enormous amount of mechanical energj 
expended m eddy-making 

28 Umfonn and varying motion — Let (Fig 2G) 
represent a path along which fluid particles are monng If 
the sclocitj of a particle a is constant 

^ f along the path the motion is iint/orm, 

if not It IS raryxnff In the ordinary 
cases of turbulent motion it is said to 
be uniform if tlio general xclocitj of translation is constant, 
and ^arylng if it is not constant In a canal of constant 
section the motion along the canal is usually uniform. In a 
nier the section of which \ancs tlic motion is varying, that 
i<». It IS fister where the section is smaller, and slower where 
It IS greater 
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constant If inflow is reckoned + and outflow — , the volume 
of flow for all the boundaiies is 

2Q = 0 (6) 

In general the condition that the space should be con- 
tinuously filled IB that the pressure must be a thrust every- 
where throughout the space If water contains air in solution 
as 13 ordinarily the case, the air ts disengaged, and there is a 
break m continuity if the thrust falls below a certain value, 
depending on the amount of air m solution 

Let Aj, Ag be two cross sections of a stream flowing in 
rigid boundaries, and the normal velocities at those 

sections Then from the pnooiple of continuity 


V,Ai«V.A, 

V,_A, 

vrAj 


{6a), 


that is, the normal velocities are inveisely ns the areas of the 
cross sections. Tins is true of the mean velocities if at each 


section the velocity of the stream vanes In a nver of vary- 
ing slope the velocity vanes with the slope It is easy, there- 
fore, to see that in parts of 
large cross section the slope 
IS smaller than in parts of 
small cross section 

If we conceive a spice 
in a liquid bounded by 
normal sections at Ay Ay 
fig 30 and between A„ A^ by 

Btreim lines (Fig 30), then, 
as there is no flow across the stream lines 



V, A, 


( 7 >. 


jis in a stream with rigid boundaries 

3 0 Application of the principle of the conservation of 
energy to stream-line motion Bernoulli's theorem 

Let AB (Fig 31) bo any one elementary stream in a 
steadily moving fluid mass. Then from the steadiness of the 
motion AB is a fixed path in space, and the fluid in it may 
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Txg 31 


be regarded as flowing m a tube Let 00 bo the free surface 
level, and XX any horizontal datum plane Let w be the area 
of a normal cross section, v the velocitj,p the pressure, and z 
the elevation abo%c the datum plane at A, and wj, Vi,pi, the 
corresponding quantities at 
B, and let Q be the flow m . 

unit time Suppose that ^z=i^ 

in a short time /, AB comes A, 
to A'B'. Then AA' = ti 
and BB' = Uji, and the v ol- 
umes of fluid AA', BB', 
the equal inflow and out- 
flow = Qi = tiji i = w,t If 
all frictional or mscous re 
sistances are absent the 
work of the external forces 
Will be equal to the change of kinetic energy 

The normal pressures on the surface of AB, except at the 
ends, are ever^ whero perpendicular to the direction of motion 
and do no work Hence the external forces to be reckoned 
are the pressures on the ends and gravity The work of 
gravity when AB falls to A'B' is the same as if AA' were 
transferred to BB' That is 

"Work of gravity “ GQ/(- - Sj) foot-pounds 
1 he work of the pressures on the ends, reckoning that at B 
negative because it opposes motion, is (pressure x volume 
described) 

pctfrf - » Q/(p — pi) 

The change of kinetic energj m the time t is the difference of 
the kinetic energy of AA' and BB' for m the space A'B the 
energy is unchanged when the motion is steady 

The mass of AA' or BB' is -Q^. and the change of kinetic 
9 

energy m t seconds is 


<i't) 


Equating ^\ork expended and change of kinetic energy, 
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imperfect, and there is a drag in tlie direction of the motion 
of the water 

Let Tig 37 represent two cisterns A and E provided with 
a converging pipe B and a diverging pipe D The water will 
flow from A, cross the gap C, and fill B, till the level in it is 
nearly the same as in A The pressure head h at the datum 
line XX in A becomes a velocity head //2p at the gap, and 
18 reconverted into a pressure liead nearly equal to A in E 
There is a small loss due to inexact correspondence of the 
onfices and to eddy loss In the jet crossing the gap there is 



no pressure except the atmospheric pressure acting uniformly 
throughout the system. 

31a Variation of pressure across the stream lines in 
two-dimensional motions * — Let AB, CD be two stream lines 
m the plane of the figure (Fig 37a) Along the stream lines 
the vanation of pressure and velocity is determined by 
Eernoulhs theorem Normal to the plane of the figure, since 
the stream lines are parallel, the distribution of pressure is 
hydrostatic. There remains the direction in the plane of the 
figure and along the ndius of cunature, that is the direction 
PQ Let PQ be particles moling along the stream lines at 
a distance PQ « ds and let s be the delation above a datum 

> SeeCottcrill • On the a Sfass of Hoidm Steidi 

ilotiOD Phil Hag Fehrtiai) 1876 
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phno, p the prci^’ure, nnd r tlic %clocity nt Q. At Q the 
total hcaxl or energy i>cr pound of fluid is 

O 

Difrercnliiting, the increment of head bct^^ccn Q nnd P is 


But rfr = rfJC03 tfi, 


... - dp fdr 

rfllsdr+V. + — • 

G g 

dll‘=fr + ^~ +diCoa tf, 
G g ^ 


whore the last terra disappear# when the motJon is in a 
horizontal plane. 



Fig 37« 


Imagine a small cybnder of section w described round PQ 
as an axis. This will be in equilibrium under the action of 
its weight Gwds ; the pressures on its ends pco and (p + tfp)<a , 
and its centrifugal force actmg along the radius of curvature 


and equal to where r is the radius of curvature at Q 


Taking components parallel to PQ, 


4 
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• -wrfi - Gw 




0 \yr 


-coj 




(12) 


Introducing tliis in (11), the increment of held hcti^een Q hikI 
1‘ is 


= + . . ( 13 ) 

gr 9 ' 


CorolJoiy. — If the streim linc'i nre ptmiglit nnd jxjrdleJ 
in n horizontal piano, r is mnnilc and the incrx’inent of hcid 
acro'S the Rtroim lines is r<fr /«7 Comiviring tins vith (11), 
ffp/G » 0, or tlio pn ssure is uniform in a dirv’clion ijonnil to 
tlic fitrLim lines. If tho stream lines nrv Rtmight and jur\ll*l 
in a icrticil jdine dW^rdrjff, and coni]virjng this \v»t!» (11) 
dpjii tsffstos^ e= rfr, or j'/G + 5 «=con‘'lanl, lint is, tho pn*<surv 
along a lertical \arua hjdrosUtic.ill), or in tlie nmo «i) as 
III a (laid at nsi. 

32. Radiating current — Supj*o^e uiter pnpphe»! RteidiU 
at the ct litre and tlouing outwards U'lwn » two jur dl' ! j hies 
at a dntntue d apirt (Tig 38). Trotn the uniforimlv tf 
conditions the rln im lines will U' stniU’ht and ^ulnl On* 
cme two ciliiidric f^'ctions of Iheturrtnt at radii fi and r. 
win re the stl(*cili(.s are r, ami i:.niid lie* |iri*'sutji /», and;,, 
.‘'ince the fow nf*ro*s < ich fit lion mu«t I** tlie nii e. 


Q *« ?rr,drj « 2 rfj??rj, 

r,r, - r,rj. 

•■t *^1 

Th** scl»il} sirm instmlr ns th** ndi .s. o'ut n ^11 !•- 
in^ir !'.<• nl th** o 'lire if l*»»r»Iiil r’lir* 1 t < 

Tl 1 'J *1 l«-in/ t’> 1 !/, 


H- 


r, 


ri-r» 



(it 
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in 


or m onotljcr form 


G SjV 


(lU) 


Ifencc the pree^re incrca,v«j from the interior ontwinl^ in n 
way indicated by the pre^uro columns in lig 38. In the 


phne of tlie figure tlic curve 
through tlio prcK*'urc column 
top*?, or curve of t!ic free 
i-urfico, IS a qui^i h}i»crboH 
of the form yy*«=sc* Tins 
cunc IS asymptotic to tlie 
Vertical axis of the current 
and to a honronUl line II 
feet nfiovc tfie jdane from 
vhich the I rfs^urrs are nifis 
iin 1 It IS vorth noting 
that if the <b«clnrge is into 
the air tlie j n *Min ;./0 at 
the cin.utnf< n lur is iitnn» 
ij'heric Jin scun Allth'ir*** 
Inn'S at If's n hi an i mlhr 
llinii ntmn*jhirif | n-^Mm 
Ihiiee the pn m 

aU)>r tin lop I hir !•> gn .♦« j 
lliiiii (hit UIo» It Mil if !).( 
t« )* I lnt< IS 1 jl V . 11 
iMil to liJirnif'i the 1 ViT 
] 1 lie Ml 1 li I to h {’ l 

It 






Free circular vortex ^ in-* » • ' • i •• i » i' 

> 1\ .1 ’ 111 *' « ' V *» !• w’ I * I* » I *1 1 • T * r f . 

I n 1 • M ! in V ’ 1 ’ t* f t 1 * ' * *» I ’ » ft 1 

ll. h tu 11 . f l» .• » I » M t.' . J. 

the VI’. r »”fc'i ,.»*T l.ti ' i«% 

till •l.-.’l 1' r I . I I' ... I , I 

ihr « • 1 t t' I « 1 1 1 » ’ j • , . 

1 . 5 ^ 1 ' h H *. I* 8 *- * ’ V I ' . » 

1 I’ 1*1 t'l » - i' • r - 
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<,H = ^ + I* = 0 
O g 


{15) 


Consider two stream, lines at radu r and r-^dr (Fig 38) 
Then in eq (13) r^r and ds=^dr, 

rdr 

--<fr+ — =0, 
gr g 


dv 


dr 


reel ( 16 ). 

r 

preciselj* os m a radiating current , and hence the distribution 
of pressure is the same, and fonnul'e 14 and 14a are applic 
able to this case 

Free spiral vortejL — ^Aa m a radiating and circular 
current the equations of motion arc the same, thej 
apply to a ^ortex in which the motion is compounded of these 
motions in any proportion^ proAuded the radial component oi 
the motion \ ancs inversely as the ndius as in a radnl curmnt, 
and the tangential component vanes inversely as the radius 
ns in a free vortex Then the whole \elocityat any point 
bo iiucr^elj proportional to the radius of the point, an 
the fluid Will dc'^enbo stream lines hanng a constant me na- 
tion to the ndius draNvn to the axis of the current That is, 
tho streim hues wll bo logarithmic ‘piraK IVlien water is 
dcha'crcd from the circumference of a ccatnFugal pump ^ 
turbmo into a chamber, it forms a free aortex of tins tan 
Tho water flows 'spinlly outwards its velocity diminis mg 
and its pressure incrcisnic ncconling to tho law stated n o'e, 
and tho head along each spird stream line is constant 

38 Forced vortcs.^lf the law of motion m a rotating 
cum.nt IS difllant from that m a free vortev, some omc 
must Iw appluHl to cau*^ tho variation of lelocitj ' 
simpUst cace is that of a rotatim? current in winch all >e 
pirticles ha\o cquil angular vcloci(>, ns for lns^anco " 
tin j ar\^ driMU round b> ridiating p.uldlcs rviohing uni orm j 
Ihcu lu tspiUiou (13) coiisidiring two circular 
of ridu r and r-fdr (l-ig o*>) ve haic r^r,ds — or 

nngulir Mhxit} is <t thm « «»or and llcncx 
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JTT oVrfr 2a*r , 

rfll ■= — rfr + a dr 


Comparing tins Anth (ki (11), nnd putting rfr= 0, bccuusc tho 
motion IS horizontal, 

dp ardr 2aV 

r> + ~r~ ~ 

^9 9 


dp aV 


dr. 


p a*r- 

s- - -r— + constant 
G 2g 


(17) 


Pu ’’ll ^ the pressure, radius, and velocity at one 
cylindrical Boction, t, 

tho'se at another, then 


Pi tL 

G’ 2. 


G ’ 


That IS, the pressure increases 
from within outwards in a 
curve which in radial sections 
IS a parabola, and surfaces of 
equal pressure are paraboloids 
of ^e^oIutIon (Fig 39) This 
case corresponds to a crude 
form of centrifugal pump 
Apart from a small head pro 
ducing the radial flow, the lift 


of the pump is 


(?i -fi) 


feet. 



where P 2 and pi are the pres 
sures at the outlet and inlet 
of the pump disc. 

34 Ventun meter — ^An Fig ss 

extremely beautiful application 

of this principle has been made by Mr Clemens Herschel, in 
the construction of what he has- termed the Ventun meter 
for measuring water flowing in pipes. Suppose m any water- 
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main a contraction is inado (Fig 40), the change of section 
being very gradual to avoid the production of eddies The 
ratio p of the sections at inlet and throat is in actual meters 
between 5 to 1 and 20 to 1, and is very carefully determined 
by the maker of the meter. Then the ratio of the velocity v 
in the mam and the velocity u at the throat is definitely 
known Now suppose glass tubes, "piezometer tubes" they 
are sometimes called, are inserted, in which the water ascends 
to a height which measures the pressure Since the velocity 
IS greater at the throat than m the mam, the pressure will 



be less and the pressure head Aj will be less than Aj, and this 
IS a quantity easily observed. Using Bernoulli's equation, 


, , 


w 


or putting v == pv, where p js the ratio of the cross sections. 


A,+ 



= (Aj - 


(19). 


from 'which the -velocity at the throat can be determined if 
the Venturi head A^ — /jj is observed, and the ratio p of 
the sections is known But if « and the area at the tliroat 
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nre known, the discharge of the meter i3 kno\sn Let fl be 
the section of the pipe, then fl/p is the section at the throat 
For simplicit) let A, — Aj = A Tlicn the di'scharge is 

Hence, by a simple observation of the piczometric heights, 
the flow in the mam at any moment can be determined. 
Notice that if a third piezometer is introduced where the 
water has regained its original section and aclocity, the piezo* 
metric height will bo the same as at first, except for a small 
loss due to the fact that the motion is not quite non sinuous, 
and that some eddies arc generated m the meter 

In order to get the pressure head at the throat very exactlj , 
Mr Herschel surrounds tho throat with an annular passage 
communicating with tho throat by small holes, sometimes 
formed in vulcanite plugs to prevent corrosion 

Although constructed to secure as far as possible non- 
sinuous motion, the eddy motion cannot bo entirely prevented 
in tho Venturi meter The mam eflfect of this is to cause a 
loss of head between the two ends of the meter, varying between 
1 foot and 5 feet according to the velocity through tho meter 
But the eddying also affects the difierence of head at inlet and 
throat, from which the discharge through the meter is 
calculated , consequently, even with this meter, an experi- 
mental coefficient must be introduced, determined by tank 
measurement However, the range of this coefficient is 
surprisingly small Mr Herschel found coefficients rangmg 
between 0 97 and 1 0 for throat velocities varying between 8 
feet per second and 28 feet per second, or inlet velocities 
varying between 0 9 foot per second and 3 1 feet per second 

Puttmg eq (20) in the form 

Q = cnv'^^~^ c ft per sec (20o), 

where c is the coefficient of the meter, the mean value of c is 
0 972, and it is rather smaller for small values and greater for 
large values of the Venturi head h It is stated to be desirable 
tint the throat velocity should be 15 to 40 feet per second 
If the Venturi head is measured by a mercury siphon gauge, let 
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be the difference of level in the gauge in inches, and let 
13 69 be the density of mercury Then the Ventun head in 
feet of water is 

1 ( 21 ) 

Mr Kent of Holborn has constructed two meters for 
94-inch mams at the reservoir works at Staines The coned 
parts are of riveted steel plates, and have a total length of 84 
feet The throat ratio is i to 7, and they can register a flow 
vaiymg from 400,000 to 6,000,000 gallons per hour Two 
still larger meters are being constructed for a pumpmg station 
at Dm in the Madras Presidency The main pipes are 120 
inches in diameter The upstream cones are of steel phte 
bedded m concrete, and the downstream cones of concrete only 
Each meter can register from 1 to 11 miJhon gallons per 
hour Various forms of recording apparatus have been used 
with the meter In one, a line proportional in length to the 
discharge is drawn on the recor^g drum at e\ery quarter 
hour or other predetermined interval In another, a line is 
drawn showing the Venturi head at each instant An in 
tegratmg arrangement is also used, the total flow for any given 
time being shown by a counter 

35 Principle of the conservation of momentum —If a 
force P acts on a body of weight W, or mass tti = "W/y, moving 
in the direction of P, the change of velocity from ^2 
time t is given by the relation 

Ft = pi(i3 - ti) = ^*3 - tj) (23). 

where P^ in second-pounds is termed the impulse of the force, 
and ^(ro*— Vj) the change of momentum Thus the 
of a force w equal to the change of inovxentuw. in the direction 
of (he force Conver'sely, if the body suffers a decrease of 
momentum due to a change of ^eloclty from to ti, it mu'^t 
evert an impulse of P^ second pounds in the direction of the 
change of momentum. The principle of momentum is of 
special use in hydrauhes, because it can be applied irrespectn cly 
of tlio mutual action of the particles and of their actual motions, 
onl} their aelocity components in the direction considered 
being required 



ni PKINCirLES OP HYDRAULICS 67 

36 Relation of pressure and velocity in a stream in 
steady motion when the changes of section of the stream 
are abrupt. — "NMicn a stream changes section abruptly, rotating 
eddies arc formed winch dissipate cncigj The energy absorbed 
in producing rotation is at once abstracted from that effective 
in causing the flow, and sooner or later it is wasted by 
frictional resistances due 
to the rapid relative 
motion of the eddying 
parts of the fluid The 
energy thus lost is com 
monly termed energy lost 
in shock Suppose Fig 
41 to represent a stream 
having such an abrupt 
change of section. I^t 
AB, CD be normal see 
tions at points vvlicre ordinary stream line motion has not 
been disturbed aud where it has been re established Let 
w, jj, « be the area of section, pressure end velocity at AB 
and Up p„ corresponding quantities at CD Then if no work 
were expended internally, and assuming the stream horizontal 



But if work IS expended m producing irregular eddying motion, 
the head at the section CD will be diminished 

Suppo'&e the mass ABCD comes in a short time t to A'B'C'D' 
The resultant force parallel to the axis of the stream is 

— w) -piUp 

where is put for the unknown pressure on the annular space 
between AB and EF The impulse of that force is 

The horizontal change of momentum in the same time is the 
difference of the momenta of CDCyD' and ABA'B', because tbe 
amount of momentum between AOJ^ and CD remains unchanged 
if the motion is steady The volume of ABA^B' or CDC'D' 
being the inflow and outflow m the time t is Qi = aJii = uirj< 
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and the momentum of these masses is ~Qit and — The 

9 9 ' 

Q 

change of momentum is therefore - v) Equating this 

to the impulse^ 

{P“ +f’o("i “ “) -f’i"i}*=^Q<(!’i - o) 

Assume that Pq the pressure at AB extending unchanged 
through the portions of fluid in contact- with AE, BE which 
lie out of the path of the stream Then (since iQ = miI’,) 

(P-Ai) = ^,(!’i-r), 

G - s 

£ + f =a+!i! + (L:fiI* ( 24 a) 

0*29 G ^ 2 < i ^ 29 ' 

This differs from the expression obtained for cases Tfhere no 
sensible internal work is done, hj the last term on the right 

That IS, has to be added to the total head at CD, which 

P. V,^ . 

18 ^ to make it equal to the total head at AB, or -og 
IS the head lost in shock at the abrupt change of section 
But V’-Vx IS the relative velocity of the two parts of the 
stream Hence, when an abrupt change of section occurs, the 

(v - 

head due to the relative velocity is lost in shock, or — 3^-“ 
foot-pounds of energy is wasted for each pound of fluid 
Experiment verifies this result, so that the assumption that 
Pq~P appears to be admissible. 

If there is no shock, 


If there is shock, 


G G 25 - 

Pi p 

G"G g 


Hence the pressure head at CD in the second case is less than 
in the former by the quantity 
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2jr 


or, putting tuiUi = av, by the quantity 



The labynnth piston packing. — Pistons for pumps are 
sometimes made with a senes of circumferential 
recesses without any other packing The passage 
between the cylmder and piston then consists of n 
wide spaces of cross section A and n + 1 spaces of 
smaller cross section a Let Q be the amount of 
leakage per second. Then the velocity m the narrow 42 
passages is Q/a, and that in the wide passages is 
Q/A, At each change of velocity in passing from a narrow 
to a wide passage there will be a loss of head 



And as the energy in the last nan-ow passage is also wasted 
the whole loss of head is 



q: 

2g 




which nhen A is largo compared with a tends to the limit 


^ n + 1 
2? a 


As the total difference of head between the two sides of tlio 
piston which produces the leakage is a fixed quantity, the 
greater tlio head wasted the smaller the leakage The larger 
n and the smaller a the less will bo tlic leakage There are 
m addition some resistances in the small passages which are 
not included in this reckoning 


Pi oi teas 

] A pipe AB, 100 fi*ct lonp, has aa inclination upwardi of 1 in 4 
The hc^ due to the p»v«ure at A u £0 f«-el, the Telocity u 
4 fi*ct per ecconJ, and the section of the pipe ii 3 square feet. 
Find the head due to the pressoie st B, where the section u 
1 1 square fret. 25 fret 
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2 The injection orifice of a condenser is at 12 feet below the siirfice 

of supply tank The condenser gauge shons a pressure of 6 
inches of mercury N^lecting frictional resistances, find the 
\ elocity at which water will enter the condenser 

60 9 ft per sec. 

3 A Venturi meter has a diameter of 4 feet in the large part and 

1 25 feet in the throat IVith water flowing through it, the 
pressure head is 100 feet in the large part and 85 feet at the 
throat Find the velocity in the small part and the discharge 
through the meter CoeflScient of meter taken as unity 

38 3 c. ft per sec. 

4 Ten cubic feet of water are dischaiged by a pipe per second under 

a total head of 100 feet Find h p of the stream. 113 

6 Water flows radially outwards between two parallel plates. At 

2 feet radius tbe pressure head is 10 feet and the \cIocity is 

10 feet per second Find the pressure and velocity at 4 feet 
radiua 10 ft per sec., 14 7 ft 

6 Ten cubic feet of ivater per second flow through a pipe of 1 square 

foot area, which suddenly enlarges to 4 square feet area. Taking 
the pressure at 100 lbs. per square foot in the smaller part of 
the pipe, find (1) the head lost in shock , (2) the pressure m 
the larger part, (3) the work expended in forcing the water 
through the enlargement, (4) the rise of temperature of the 
water at the enlargement. 

0 87 ft,, 136 Iba per sq in , 645 ft lbs. per sec., 0 07* T 

7 A centrifugal pump irith raial vanes lias diameters of 1 foot 

inside and 2 feet outside It revolves 360 times per minute. 
Find tbe pressure height produced in the pump 1G6 ft 

8 A Venturi meter is 3 feet m diameter at each end and 1 foot in 

- diameter at the throat Find tbe Venturi head when the inlet 
velocity 13 3 feet per second Cocflicient 0 97 10 53 ft 

9 Find the energy stored per cubic foot of water in an ncciimulvtor 

loaded to 700 Iba per square inch 100,800 ft lbs. 

30 In a Venturi meter the diametcre at inlet and throat arc 12 
uxcliea and 5 mchea. With, wafer flowing through the meter, 
the Venturi head is observed to be C inches of mcrcurj Find 
the discharge SO c. ft per sec. 
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37 Experimental observations — Some simple laws govern- 
ing the discharge from orifices are directly indicated by 
simple observations. Suppose a 
reservoir arranged as shown in 
Fig 43, with a horizontal orifice 
h feet below tbo free surface and 
a vertical jet That this condition 
may be permanent, and the flon 
steady, water must be supplied 
contmuously at the free surface 
at the rate at which it is dis- 
charged by the jet The jet rises 
very nearly to the free suiface 
level in the reservoir, and the 
small difference may reasonably 
be attributed to small resistances 
of the air or orifice Neglecting 
this small quantity, particles 
which rise freely to a height k Fig 43 

must have issued from the onfice 
with a \ elocity given by the relation 

r = -s/(2yft)ft per sec (1) 

This relation was first disco\ered by Torricelli and Bernoulli. 
If the Orifice is of a proper conoidal form, the section of the 
jet at the onfice is equal to the area of the onfice, and the 
elementary streams forming the jet are normal to the onfice 
Let 0 ) be the area of the onfice Then (§ 29) the discharge 
must be, neglecting the small resistances. 
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H H, 


Ha 






dh 


Q = tav=ia 

= 8 023(1) s/A c ft per sec (la) 

The actual velocity and discharge will he slightly less than 
this if the resistances are considered 

In the case of a horizontal orifice the head is the same 
at all parts of the orifice But equations (1) and (1«) are 
used also for the more ordinary 
case in which the orifice is 
vertical, and the head \aries at 
different parts of the onfice, 
and it is necessary to inquire 
how far this is justifiable In 
the case of vertical orifices the 
head h is taken to be the head 
measured to the centre of the 
onfice Consider a conoidal 
rectangular orifice such that the 
section of the jet is identical 
with the area of the outlet of the onfice (Fig 44) Let Hi 
be the head at the top edge, and H, that at the bottom edge 
of the orifice, and B its breadth Tlic area is B(H« — Hj) 
and the mean head is /f = ^(Hj + H’i) Patting these lalues 
in eq (Irt), 

and the velocity of discharge the same at all parts of the 
orifice, on the assumption that tho ^onatlon of head JS 
negligible, is — 

Consider a honzontal lamina issuing between the Ie\cls K and 
II -f dll Its area is Bdll, and tlic discharge is Bdll (2yII) 
TJie discharge of tho wliole onftco la 


Fig 




^1 II 
j III 


II^dH 




(=) 


Ilcnce tho mean >clocitj when the vanation of head is taken 
into the reckoning is 





•w 1 j< I» / , 

VllJ i ,/,r 

oriU, i y 

i.iiO I ii t , 

fA \n,A I j 

< iii< n liV v' » 


o 

act 

will 

e- 

f 



64 


HYDEAULICS 


CKAP 


Equating the two expressions for 



Thus if c« « 0 97, = 0 0628 , and if * 0 98, = 0 0412 

The work of gravity on each pound of water descending 
from the free surface level to the onfice is h ft -lbs , and if 
unresisted the water would acquire ftdbs. of kinetic 

energy The actual energy of the jet is only v^j2g-==lit ft- 
Ibs per pound Hence *= CfV^/2g ft -lbs per pound is the 
energy wasted in overcoming resistances With the values of 
given above, from to 4-^ per cent of the head is wasted 



Coefficient of contraction — ^^Vben a jet issues from an 
orifice It may either spring clear from the inner edge of the 
orifice as at a or 5 (Fig 45), or it may adhere to the sides of 
the orifice as at <r The former condition always obtains if the 
onfice IS bevelled to a sharp edge as at a, and generally or 
cylindrical orifices such as & if the thickness of the plate is 
not more than the diameter of the onfice If the pla o 
thickness is l4 times the diameter of the orifice or more, the 
condition shown at c obtains, and it is convenient to is 
tinguisli orifices of that kind ns mouthpieces. At c tho jet 
issues full bore,” or of the same diameter ns the onfice, but 
in tfic other cases the jet contracts to a diameter smaller than 
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the orifice in consequence of the convergence of the streams 
which make up the jet 

Let to be the area of the orifice and Cjto the contracted area 
of the jet Then c^. is a cocfiicicnt to bo determined cxperi 
mentally, c.illed the coefficient of contraction which is found 
to be nearly constant for certain types of orifice For sharp 
edged or vnitually sharp-edged orifices such as those shown in 
ft and h the avtngc value of is 0 64 hut with different 
kinds of orifice its value may range from 0 5 to 1 0 With 
Ce=0 64 the diameter of the contracted 
section of a circular jet is 0 8 of the 
diameter of the orifice. 

It may be noted that as the stream 
lines arc curved when approaching the 
contracted section there is a centrifugal 
pressure across the stream lines (Fig 46) 

Henco the pressure is greater and the 
velocity less towards the centre of the 
conveiging jet At the contracted section 
the stream lines become parallel the 
pressure is uniform and probably tlie velocity nearly uniform 

Coefficient of discharge — The discharge is 

diminished partly by reduc 
tion of velocity partly by 
contraction of section Hence 
the actual discharge is 

Qa = CjV X CeW - 

or if CfC, = c which is termed 
the coefficient of discharge 
(T) 

For sharp edged plane on 
fices c averages about 0 975 
X 0 64 = 0 62 But exact 
values for different cases will 
47 be given presently 

39 Expenmental de 
termination of and c — To determine the coefficient of 
contraction the section of the jet must be measured at a distance 
from the orifice equal to about half its diameter Fig 47 shows 

6 
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an arrangement of set-screws which can be set to touch the 
jet, and the distance between tliem afterwards measured 
When the orifice is not circular the measurement is difficult, 

because the section 
of the jet IS not ex- 
actly Similar to the 
orifice 

The coefficient of 
velocity IS most easily 
found by measuring 
the parabolic path of 
a horizontal jet Let 
OAB (Fig 48) be 
the path of the jet 
Take OX.OYas hori- 
zontal and vertic<al 
CO ordinate axes Let 
h be the head ever 
the centre of the 
orifice, and x, y the co ordinates of any pomt A If Va is the 
horizontal velocity of the jet, and t the time in which a particle 
falls from 0 to A, 



XssVj , 




consequently 




As a check, other co ordinates, such as yj, should be measured. 
In principle, the coefficient of velocity could be found by 
measuring the height A, (Fig 43) to which a vertical jet rises 
under a head A Then 


but, except for modcnitelj small heads, the measurement is 
difficult 

In practical hjdnulics the coefficient of discharge is much 
more important than the others, and it can bo determined with 
icry great nccumcy bj tank incasureinent In Fig 49 is 
shown on arrangement of a measuring tank for gauging the 
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flow from an onfice or notcfi The onfico is placed at the end 
of the resen oir A, and discharges into the waste channel C, 
and the water flows to waste at F A trough on rollers B can 
bo slid under the jet, and then delners the water into the 
measuring tank D In the tank is a stilling screen S, and an 
outlet %al\c E Jleans are proaided for aery accurately 
measuring the watcr-leael at the beginning and end of a 
convenient interval of time, and the area of the tank must be 
carefully determined Let the water be discharged into the 
tank for t seconds, during which the level m the reservoir of 



area A nses H, — H, feet, and let h be the head at the orifice, 
and b) its area. 


_ (H,-H,)A 


Cut cubic feet per second, 
^{2gk)u>l 


All the required measurements can be made with great 
accuracy, especially if the tank is large enough to contain the 
flow during ten or fifteen minutes 

40 Use of orifices in measunng water — The Romans 
used orifices of bronze to deliver regulated quantities of water 
from the aqueducts to consumers The umt of dischaige was 
that from an orifice 0 907 mches diameter, and was termed a 
qumana Fifteen sizes were used, the largest being 8 964 inches 
diameter, and delivenng 97 quinariai. The discharge was 
assumed to be proportional to the area of the onfice, and 
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an arrangement of eot-screws which can be set to touch the 
jet, and the distance between them afterwards measured 
When the orifice ig not circular the measurement is difficult, 

because the section 
of the jet IS not ex- 
actly similar to the 
orifice 

The coefficient of 
■\ elocityis most easily 
found by measuring 
the parabolic path of 
a honzontal jet I^t 
OAB (Fig 48) he 
the path of the jet 
Take OX OYas hori- 
zontal and vertical 
CO ordinate axes Let 
h be the head over 
the centre of the 
orifice, and x, y tho co ordinates of any point A If is the 
horizontal velocity of the jet, and t the time in which a particle 
falls from 0 to A, 

Vg). 



Fig 48 




consequently 


■ s/^^gh) 


-AS) 


As a check, other co ordinates, such as ®j, should be measured. 
In principle, the coefficient of velocity could be found by 
measuring the height (Fig 43) to which a vertical jet rises 
under a head h Then 

bub, except for moderately small heads, the measurement is 
difficult 

In practical hydraulics the coefficient of discharge is muc i 
more important than the others, and it can be determined wit 
very great accuracy by tank measurement In Fig 
shown an arrangement of a measuring tank for gauging the 
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flow from an orifice or notch The orifice is placed at the end 
of the rescnoir A, and discharges into the waste channel C, 
and the water flows to waste nt F A trough on rollers B can 
be slid under the jet, and then delivers the water into the 
measuring tanl^ D In the tank is a stilling screen S, and on 
outlet \al\e E Means are provided for very accurately 
measuring the water-level at the beginning and end of a 
convenient interval of time, and the area of the tank must he 
carefully determined. Let the water be discharged into the 
tank for t seconds, during which the level in the reservoir of 



Fig 49 


area A nses Hj — H, feet, and let h be the bead at the onfice, 
and vy its area. 


Q = 




= cta >/2gh cubic feet per second, 
(H,-H,)A 
V(2?A)«« 


( 8 ) 


All the required measurements can be made with great 
accuracy, especially if the tank is large enough to contain the 
flow during ten or fifteen minutes. 

40 Use of orifices in measunn^r water — The Romans 
used orifices of bronze to dehver regulated quantities of water 
from the aqueducts to consumers. The umt of discharge was 
that from an onfice 0 907 inches diameter, and was termed a 
qumaria Fifteen sizes were used, the largest being 8 964 inches 
diameter, and delivering 97 quinanai. The discharge was 
assumed to be proportional to the area of the onfice, and 
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although it was known that the discharge depended in some 
way” on the head, the arrangements adopted to secure opproxi 
mate uniformity of head in different cases aie not known and 
appear to }ia^ e been imperfect(JFiontinus, translated 

by Herschel) 

In the case of the irrj^tion works of Il’orthern Italy the 
water was supplied to estates through orifices, termed modules, 
for which the height and head were legally fixed, and the 
width vaned according to the amount of water required This 
IS an almost exact way of delivering a measured quantity of 
water The Sardinian unit module was an orifice 0 656 feet 
s<iuare with a head of 0 656 above the top edge, delivering 
about 2 cubic feet per second. 

An old measure of the dischaigc of the same kind was the 
so-called water inch, defined by some of the older French 
hydraulicians as the discharge of an orifice one inch in 
diameter, with a head of one line above the top edge In the 
mining district of California a similar method was used in 
supplying water to different mines from a supply channel 
The unit of discharge was termed the miner's inch, oud was 
the discharge through one square inch of orifice with a head 
of 6^ inches or about 1 5 cubic feet per minute But ns the 
form of the orifice and the head were not defined as carefully 
as m the Italian regulations, the valuo of the miner’s inch 
vaned a good deal in different districts Later legal dcfini 
tiona of the miners inch were adopted, vorying in difilrcnt 
coses from 1 j to 1 2 cubic feet per minute 

In delivering compensation water from rc’orvoirs to 
streams in this country an orifice is used, tho head on which 
IS regulated eo as to bo constant The nirangcmont is such 
that any npirian owner intercatcil in tho flow in the stream 
can at anj time sec vvlicthcr tlie proper head, and therefore iht 
proper discharge, is inaiiitained. 

41 Measurement of tho head over on onllco — ^Th® 
most convenient wa^ of measuring tho hcul o\cr an onfice 
a tank is by a g^iuge glass, scale ami voniior (Fig 60). A 
kir AA IS rigi<n) nttacheil to t/io tank, Inving a slot m 
which tfio scale BB slides The scalt has at t!io Itottoni an 
adjusting i<crew by vthich its ttro can U' ret exactly to the 
level of the centrt of the onfico A slider C, with a finger 
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proj<x:ling ncro"^ tlio gittgc gla^, Jiw nl«o n vernier rending 
on tlie Fcntc, Tlic pcale in nio«t conncnicntly di\idcd into 
feel, tenth', nnd hundrcnlthn of n foot. Tlio \cmicr then 
rendn to 0 001 fooL Tlie zero of the wnlc can be proper!) 




fixed by nery careful!) lenelling a surface plate between the 
orifice and scale, and transferriDg the centre of the orifice to the 
scale by a scribing blocV. 

Another method of measuring the head is by using a float. 
If the float has a cord passing oner a pulley, a finger attached 




70 


HYDEAULICS 


CHAP 


to the pulley will give a magnified motion which can be read 
on a diaL In this case the zero of the scale can be deter* 
mined by bringing the water level exactly to the lower edge 
of the orifice and noting the reading on the fingei of the 
dial 

A more accurate method of determinmg the exact water- 
level IS the use of the hook gauge, invented by Mr V 
Boyden in 1840 It consists of a fixed frame with shding 
scale and vernier (Fig 51) The vernier is fixed to the frame, 
and the scale shdes vertically The scale carries at its lower 
end a hook with a fine point, and the scale carrpng the hook 
can be raised or lowered very slowly by a fine pitched screw 
If the hook is depressed below the water surface and tlien 
laised gradually by the screw, the moment of its reaching the 
water surface will be very clearly marked by a sudden re 
flection from a small capillary elevation of tlio water surface 
over the point of the hook In good light difieronces of level 
of 0 0001 of a foot arc easily detected by the hook gauge 
The gauge is specially useful in jneasunng the head oier 
weirs which requires to bo determined very accurately The 
point of the hook should be set by levelling very cxnctl) at 
the level of tho weir crest, and a reading taken Tlicn tlio 
difiercnce of any reading of the water level and this reading is 
the head on tho weir It is gcncnily convenient to place tho 
hook gauge in a small cistern, communicating with tho stream 
pissing over the weir by a pipe The water level in such a 
cistern fluctuates less than in the stream, and tho gauge is 
more cisil) read 

42 Coefficients for belimouths or conoidal orifices 
■When a bcllraouth is formed so as to contract gradually, and 
finally become cylmdric, wlien in fact it 1ms nearly the form 
of a contracting jet, the contraction occurs within tho mouth- 
piece and there is no further contraction beyond it I be 
section of the jet is then equal to tlio area ea of the smaller 
end of tho moutlipieco c, = 1, and <*, for moderate heads is 
about 0 97, which is also tlio value of c, 

lor Hudi an orifice Wcisbach has found the following 
values of the coofficitnts with ilifilrcnt hearls — 
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Head OTer Onfice m Fe«t=A. 

•6« 

1-61 

in® 

55 77 

337-03. 

Coefficient of velocity » c. 

•959 

■967 

•975 

•994 

•994 

Coefficient of resutance *= c. 

•0S7 

■069 

■052 

•012 

■012 


Iig 52 shovrs a conoidal mouthpiece of approximate!} 
correct form 



43 Coefficients for sharp-edged onficcs with complete 
contraction— Orifices are U 5 cd in m*a«unnf: llie rate of Co» 
of valor If the flow js di'cliarpsl through an onCer, 
and tlic licad at tlio onfice inoa«urcsl the rale of Cow can I** 
dotennuieJ, provided ihe cocfiicienl' uf t! o onfe* are known 
Tlie onficc vhich nn l>e con*lruc*«>l and Tmi'-red %cil!j no*! 
accuncy i« n cirvuhr hole m n txu jjaratnily il in jla’e In 
ivrlajn a nx'^ngular aj«rtir> i« non ro"%tnir*’t- 

Soiiutime^ tlio of tlie licit an UicllM 4 ^ a\ I _l 

thi« IS iu>l imj>orlant and i!ie ttlct i« i ct Ira’’’* In n , »'t 
T h( f^nn I is rn t jn’i rails u*'-'! l* e ••dn* !■« ktji ts 
pjxan as jK>vill A Im^ a* •"■•al 

hvs ln^ n d ■' 10 in d '« 1*^11 * 

tS'jH of >ano s t -t" a* i i. ’o*- d ^ n n* I f_i* f i t* - rt-.I’s 

hwt Ikn 1 la' Aa’od f-» I'^t f * r »** C-.V- l''- ttir'^ i*. ri*) 

l«o *>« hvr’nd I't r' aj*- l' c n '** ix-^ j * v re" t l _ ' 

« XJ«t n* i« rt* t n I’lO dis.’ i»y-’ »' a*} -o* •— i t-'l V- i« i l»- 
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found in Hamilton Smith’s JTydrauhcs (London, 1886) where 
the results are discussed and plotted in curves In cases where 
great accuracy is important it is desirable that the coefficients 
lor the particular orifice used should be determined by direct 
experiment Differences in the condition of the edge and the 
position of the orifice relatively to the walls of the reservoir 
cause variations of the coefficient which cannot be indicated in 
any tables 

Broadly, for large sharp edged orifices in plane surfaces, 
ana not near lateral boundaries, under moderately large heads, 
the coefficient of discharge has a fairly constant value not 
differing much from c = 0 595 The value of the coefficient 
IS greater as the head la smaller, and as the area of the orifice 
18 Smaller For small orifices under comparatively small heads 
^ may have the value c = 0 650, an increase of 9 per cent 
The follomng tables contain values selected from Hamilton 
Smith 8 reductions, modified where necessary to be applicable 
in the ordinary formula 

Q = (10) 

For large vertical orifices under small heads there is a decrease 
of e 


CoErrioiENT OP Discharge c op Square Sharp Edoei) OBinoES 
IN Eq (10) 


Head over Centre 


Length of Side of Sg lare 

a Feet 


in Feet, A 








0 02 

0 03 

0 05 

0 10 

0 10 

1 00 

04 



637 

621 

1 


05 


646 

633 

619 

597 


07 

656 

642 

628 

616 

600 

582 

1-0 

648 

636 

632 

613 

602 

592 

16 

641 

620 

618 

610 

604 

699 

20 

637 

626 

CIS 

608 

605 

eoo 

3-0 

632 

622 

612 

607 

606 

602 

4-0 

628 

619 

610 

606 

605 

602 

6-0 

62G 

617 

610 

606 

604 

602 

70 

621 

615 

608 

605 

604 

602 

10-0 

616 

Cll 

606 

604 

603 

601 j 

20 0 

•60C 

"605 

•603 

002 

601 

•600 
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CoEmciENT OP DiscHAnoE e FOR Circular SnARp-EDOEO Orifices 
IN Eq. (10) 


Head over Centre 
m Feet, h. 

Diameter of Onfiee in Feet 

0 02 

003 

0 05 

0 10 

0 40 

1 00 

04 



631 

CIS 



05 


643 

627 

616 

592 


07 

6S1 

637 

622 

611 

596 

579 

1-0 

644 

031 

617 

608 

597 

586 

1 5 

637 

625 

613 

605 

599 

592 

2-0 

632 

621 

610 

604 

599 

594 

3-0 

627 

617 

606 

603 

599 

597 

4-0 

623 

614 

605 

602 

598 

596 

5-0 

620 

613 

605 

601 

598 

596 

7-0 

616 

609 

603 

600 

598 

596 

10-0 

611 

606 

601 

598 

597 

505 

20-0 

601 

600 

596 

596 

596 

594 


Mr Mair earned out a series of careful tests on the 
coeflicient of discharge of circular onficcs in conditions per- 
mitting exceptional accuracy of obscrtation {Proc ln$t Civil 
Engxnters, Ixxxiv, 1885-8C) The following Table gives a « 
selection of the results — 


Vahes or c in Eq (10) 




Dunieter of OnGre in 

I»eht. 


Head in Feet. 


>4 1 = , 

Dumeter of Orifice is Feet. 

3 


083 

125 

167 

208 

250 

76 

0616 

0616 

OillG 

0-607 

0609 

1 5 

0610 

0-611 

0610 

0-603 

0605 

2-0 

0-609 

0-609 

0609 

0604 

0605 


The results agree closely with the relation 

c = 0 0076 + _ O-O037J, 

•Jh 


\\here A is in feet and rf in inches. In the case of a 2-inch 
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oiifice a minute rounding of the square edge altered the coefli 
cient from 0 612 to 0 622 under the same conditions evactlj 

Mr Elhs measured indirectly by a weir the di^'charge 
fiom a sharp edged orifice 2 feet square, under heads \nrjing 
from 2 to 3^ feet Eor A = 2 feet, c = 0 611 Eor the larger 
heads c was not sensibly different from 0 60 (Trans Am Soe 
Civil Engineers^ 1876) 

Rectangular orifices Experiments of Poncelet and 
Lesbros — For rectangular onficcs there is a variation of the 
coeflScient of discharge c both with the height a and the 
■width 6 of the orifice But for ratios of not exceeding 20, 
It appears that c depends chiefly on the smaller dimension of 
the orifice independently of the other The following are a 
few values selected from the results obtained by Poncelet and 
Leabios /ig is the head at the top edge of the orifice, so that 

tho head to the centre of the orifice is Aj + I The discharge 
is therefore . , . 

Q = cahs/\^g\h„ + (11) 

The sides of the channel of approach wore at least 2|& 
from the vertical edges, and tho bottom at least 2|<i from 
the lower edge of the orifice The head was measured not 
immediately at the orifice, but at eomo distance bich, where 
tho water was nearly at rest 


CormciFvrs or Discharof c for JtFCTANOutAR ORmers 
Fq (II) 


Head over 
Top 

of Orifice, 


Willh, 5= 

0 C56 Feet 


1 Widt5, 

Sr=1^6‘< 1 

fleist t Id Ftct a = 


1 Height j 

Feet. 

•0C56 

ICI 

! 323 

C50 

065® 

656 

OCC 

059 

Oil 

100 

572 

043 


IGI 

658 

026 

006 

681 

041 


328 

054 

CIO 

Oil 

102 

030 


C-0 

018 

030 

GIC 

508 

036 

005 

1 C4 

040 

CSS 

017 

003 

030 


3 28 

cm 

020 

016 

001 

C2( 


•1 92 

010 

020 

on 

ro 2 

023 


0 1C 

CIS 

013 

f07 

001 

020 


0 84 

CIO 

000 

ro3 

•001 

016 





— 

— 


— 

- 
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44 Submerged sharp edged orifices — If the orifice is 
drowned below the tail water the conditions of discharge are 
m no important way altered, except that the effective head is 
the difference of level of the free surface of the head and tail 
water As there la often some disturbance in the tail water 
near the orifice the level of the tail water should be taken at 
a point where the disturbance has subsided So far ns is 
known, the coefficient of discharge is the same as for an orifice 
discharging in the air Some experiments by Hamilton Smith 
show that this must be very nearly the case 


Coefficient of DrsenAnot c rs Eq (10) of Obifices drowned to 
THE extent of 0 57 to 0 73 Feet (IIamiltov SiiiTn) 


Circular, 05 

Circular d 

sOl 

Square 0 05 x 0 05 

Square, 01x01 

Effective 


Fffective 


Effective 


Effective 


Head. 

h 

f 

Head. 

A i 

c 

Head 

h 

< 

Head, 

c 

4 08 

602 

3 07 1 

599 

4oe 

C07 

3 95 

605 

21G 

604 

2-00 1 

COl 

221 

COO 

2 32 

C04 

44 

618 

25 

605 

35 

620 

21 

612 


45 Onflee at the end of a channel — When the onfice 
is at the end of a channel the cross section of uhich H is not 
Nery large compared with the area ca of the onfiee, the 
% elocity of approach to the orifice increases the discharge In 
that case the discharge is 


Q s <■« 


/!.- 


VI 


QJ 


•1 


( 12 ). 


the head h is measured at some distance back from the 
onCco The laluo of c in this case is not ncll detennined 
46 Self-adjusting orifices for constant discharge 
The Spanish module — In a number of ca'=c'<, especuillj in 
the case of the distribution of irrigation water, it is required 
to dolner from a canal or reservoir a constant supply of 
uatcr, notwith'itnnding variations of le\el m the canal or 
reservoir A number of devices for thi-*’ purpose haae been 
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invented, and the Spanish module used on the canal of 
Isabella II., which supplies Madrid with water, may be taken 
as a type. The module, Pig; 53, consists of two chambers, 
the upper being in free communication with the canal and the 
lower discharging by a culvert to the fields. In the floor 
between the chambers there is a sharp-edged orifice in a 
bronze plate. Hanging in this is a bronze plug of varying 



Fig. 53 


diameter suspended from a float. If the water-level a s J 
plug gives a larger opening, and conversely if the water rises 
the plug fills a greater part of the orifice. Thus if the p ug 
is properly formed a constant discharge with varying ^ 
obtained. The tlieory of the modulo is very simply ^t -l 
(Fig. 54) bo the radius of tho fixed orifice, r the mdios of tliO 
plug at a distance h from the piano of flotation of t ^ ' 
and Q tho required constant discharge of tho module. TJien 

Q = c;r(R*-r*M2ir/*). 
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Talang c = 0 CS, 

Q = 15SS(R*-T^^ K 

A Aalue oi E as cEospa fach that for the lowest held iho 
expression in hradets jr not negative, and then values of r 
can he foundfor-i ariOLs 
“lalues of /, and with 
these the curve <tf the 
plug cun be drawm 
The module an Fig.;j3 
discharges 1 c metre 
per sec The fixed 
openang is 0 2 metre 
diameter, and the 
greatest head aho\e 
the orifice us 1 metre 
47. Flovr from 
orifices of liquids other than water — 'Ihe p\i»u lawn 
to all liquids, provided the head is inosnud in ini of lht‘ 
liquid Itself If a liquid of deusitj lb® i bwl 
issues under a pressure p lbs per squaio fool iho \ 
ing head is p/G^ Thus if nicrcwr) utigliR 7 1 1 Ih-i pi ) \ hbh 
foot, tt pressure of 50 lbs. per pquure iiiili oi 7'^Ob lb'’ 
I»cr square foot, corresponds to u Ik id of VjJOli 711 — 111 I 
feet of mcrcurj, and under this prtspuh Do* iiloihi oi i 
from an orifice would beVC®*! JW 1 J)~ ii ^ 

feet per second nearly From n ft \> i xp iltiu iil ' )i\ \\ » i-'l ' \\ 
the coefiicjents of lelocity and coiiticK ilou loi itooio\ oo' hoi 
xery difftrent from those for wntir 

Ilamilton Smitli, xvith a circiihii oi ill' ' 0 0 •* li I dl U\o ii l 
found for mercury c = 0 62 fur a In id oi Oh lil OOOi h\ 
a head of 1 foot , 0 595 for a lu id of I In I In lid 1 1 dou 
oil, with the same orifice, r = 0 75 fni a In oi ol h h It I Oi *’ 
for a head of 1 foot , 0 72 for n In «d ol i In 1 

48 Imperfect contraction — If llo eil.-iol il mIuiuuI 
Iwunding the stream approaching lli«» • iJlln' mo in ir llo i I i 
of the onficc they inlerftn' wilh tho iou\vrj\un i( ll v 
ilcmentiry streams which cauMS th< loiilioli u I 'U ld> 
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filaments converging all round through angles of 180* with 
the axis of the jet, and as this is the greatest possible 
convergence, the contraction will be greatest and the co- 
efficient of contraction a minimimi Let LI be the area of 
the mouthpiece AB, a that of the contracted jet aa Suppose 
that in a short time t, the mass OOaa comes to 0'0'a'a' 

The impulse of the ex- 
ternal forces estimated 
horizontall 7 will be 
equal to the horizontal 
momentum produced 

(§ 35 ) 

The pressure on 00 
will be balanced by that 
on OE, and so for other 
parts of the mass ex- 
cept EF and the surface 
AflrtB of the jet Let 
be the atmospheric 
pressure and h the depth 
of the centre of EF from 
00 The horizontal 
pressure exerted by tb© 
vessel on the water at EF is + The horizontal 

pressure of the atmosphere on the surface AaaB, which 
is the pressure on its vertical projection, is Hence 

the resultant pressure acting horizontally is + Gh)[l — 
Since the motion is steady there is no 
change of horizontal momentum in the time t between 0 
and aa The momentum generated is the momentum 
of nnaV If v is the velocity of the jet, the volume nan « 
discharged in the time t is avt Its mass is au 

its momentum {Gav^{)jg Equating impulse and change o 
momentum (§ 35), 

Gkni=‘-i>^t, 

9 

ta _gk 

But neglecting the verj* small resistances. 
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(13) 


Borda found by cxpenmcnt f^=5149, Bidone, 
Ce=: 0 5547, and TVeisbaeb, 0 ,= 5324, results which do not 
differ greatly from the theoretical \alue. The thickness of 
the edge of the mouthpiece affects the results The reaction 
of the jet on the vessel is the pressure GAfi In the case of a 
simple orifice the velocity of the converging filaments in 
contact with the ^essel in the neighbourhood of 0 and D 
reduces the pressure there, and hence the pressure on OE is 
not balanced by that on OC, and the reaction is greater than 
GRQ It la easily Been to follow from, the cquntion that the 
contraction is less, but the exact amount is not calculable 
51 Application of the principle of Bemonlli to the 
discharge from orifices — A jet is composed of elementary 
streams, each of which starts 
into motion at some point in the A 
reservoir where the velocity is 
zero, and gradually acquires the 
velocity of the jet Let Mm 
(Fig 58) be such an elementaiy 
stream, M being a point where 
the velocity is insensibly small, 
and m a point in the contracted 
section of the jet where the 
filaments have become parallel 
and exercise uniform mutual Fig ss 

pressure Take the free surface 

AB for datum line, and let Pi, Aj, be the pressure, velocity, 
and depth below datum at M , p, v, h, the coixespondmg 
quantities at m Then 




-A 


But at M, since the lelocity is insensible, the pressure is 
the hydrostatic pressure due to the depth , that, is = 0, 
‘^p^ + Ghi At m, p—Pa, the atmosphenc pressure round 
the jet Hence, inserting these values, 

6 
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or 




«= 025^4 


iU), 

(Ha) , 


That IS, neglecting the viscosity of the fluid, the velocity 
of filaments at the contracted section of the jet is simply the 
velocity due to the difference of level of the free surface m the 



Fig 69 


reservoir and the orifice If 
the orifice is small in dimen- 
sions compared with h, the 
filaments will all have nearly 
the same velocity, and if h 
IS measured to the centre of 
the orifice, the equation above 
gives the mean velocity of 
the jet 

Case of a submerged 
onfice — Let the orifice dis* 


charge below the level of the toil water (Fig 59) Then at 
M, Vi = 0, Pi = Ghi -f > at m, ^ = G^s -h j>b- 


$ = h,-h, = h (IS). 


where h is the difference of 
level of the head and tail 
water, and may bo teimed the 
cffcciixc head produang flow 
Case where the press- 
ures are different on the 
free surface and at the 
onfice • — Let the fluid flow 
from a vessel in which the 



Fig CO 


pressuro is into ^ NC'iSol in which Iho pressure is y 
(Fig GO) Let ho ho the height from the centre of the 

onfice to tho free surface in the lir«t %tS3ol TIjo pressure 
ivill produce the same effect ns n Hjir of Hind of thiclnc'^s 
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nJclw! to tlic nn<l the j^rce'urc p \ti 11 produce 

the Mine cfTcct ft' n liycr of thichnc^' ^ nddw! to the tftil 

wter licnee the crToctite difTt-rencc of level, or cfTectivc head 
producing flow, will l>e 

r 

'o ' 

nnd the %fl(>'itj of di«clnrge will Ic 






(1C) 


AVe im)" cxprcfi ihi' result hj ft'»)ing tint difllrcnccs of pres- 
fure at the frre Ftirficc and nt the onfico are to bo reckoned 
IS part of tlie cfli'clnc head. 

Kenco tn all thus fir trcate<l the \eIocitj of the jet 
n the velocity due to the cflri*cli\e head, and the discharge, 
allowing for eonlnclion of the jet, is 

! fioT — tta ^ 


Q = 


(17), 


where u n the area of the onfico, fw the area of tbo contracted 
section of the jet, and h the cflectivc head lnc^su^cd to the 
centre of the onfico If A and « arc taken in feet, Q is in 
cubic feet per seconcL 

52 Discharge from a fire nozzle — Mr John K 
Freeman has made vci^ accurate tests of the discharge from 
the nozzles used with 

hose in delivering water Pie^oi^ler onj'iec ^ 

in streams nt fires. lie 
has found the coeffi- , 
cienls for such nozzles 
so constant that he 
suggests their use m 
measunng the dis 
charge of pumps and 
m similar cases (Trans 
Am Soc of Ctvtl 

Engineers, 1891) Fig G1 shows the arrangement adopted 
For three nozzles tned the coefficient of dischaige was 0 995, 
with heads of 12 to 120 feet The head was conected for 


Hi 


mBM 



seret-n 

Fiff 61 
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^elocltyof approach, but tho eorrcction uas ^crJ Bmall except 
for low heads The nozzles n were 1|- to 24- inches 
diameter. They were smoothly tapering, witli sides coinerging 
at 5 to 7^ degrees to the axis, and polished for 3 or i 
diameters bick from the outlet Tlio pressure in the supply 
chamber was taken at n piezometer orifice made cnrcfull) 
flush with the inside of chamber With the tin cone removed 
and a square comer to the brass flange in uhich the nozzle 
was screwed, coeffiaents of 0 985 to 0 990 wero obtained 
53 Flow from a vessel when the effective head 
vanes with the time — Vaiioua useful pioblcms arise relating 
to tlio time of emptying and filling \ easels, resen oirs, lock 
chambers, etc , where the flow is dependent on a head whicli 



increases or tlijnjni‘‘hc3 during tho operation Tho Bimph'^t 
of IhaiQ problems is tlic case of filling or cmptjing a 
of constant lionzontiil poction, bucIi ns a ri\ir lock. Supi*^! 
tho lock clmtnber winch Imn n wntcr Burfico of fl squire fi’ ^ 
n emptied ihrougli a cIukv in the tail gdt-*, of am e», 

Ijclovi the laibwnler IcieJ Then tin ilTi'ctive hcul prixfucing 
flow through the sluice is tlio difflnnro of IcmI m lie 
lock clmmlnraml Inil I^t H (1 ij 03) l-o the milH 

diffinno' of Icitl, A ihc difT-renco of itiil nfl^r / 

I>t -iJh l>etbef>nof hr«l in tho ilmnl- r during munt'-n'j 

tit Then in th' timi til th** volume in tin chfiml»r is 
by th»' amount - fb// nnd the oulfow froin th** bIuIco ifi tl '* 
Miu« tim*' IS Iltntfl llu* thn’rtnti'il rq^ ’ 

rono'Ttmg / nn<! ( ts 
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For the time t during which the initial head H diminishes 
to any other value h, 

n d 

f = -4r 2 WH 

Clu^/2sr 

fw|v ? V 

For the ■\Thole time of emptjring, during which h diminishes 
from H to 0, 


f=V- 

cwV g 


(18) 


Companng this with the equation for flow under a constant 
head, it will be seen that the time is double that required for 
the discharge of an equal volume under a constant head H. 
The time of filling the lock through a sluice in the head 



gates IS exactly the same if the sluice is below the taihwater 
le\el But if the sluice is nboie the tail water level then 
the head is constant till the level of the sluice is reached, and 
afterwards it dimini’shes with the time. 

54 Cylindrical mouthpiece —'^^^len uater is di®chirge<l 
through a short cylindrical mouthpiece, the axis of which is 
normal to the side of tlie rc'scrvoir (Fig C3) and its length 
2 to 3 times iLs diameter, there is an internal contraction 
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at EF due to the conveigence of the streams at the inlet, but 
the jet then, expands to fill the mouthpiece and issues full 
bore. Let X2 be the cross eection GH of the mouthpiece and 
0 ) the cross section EF of the interior contraction Then 
a)y!f2 = Cj, IS the coefficient of contraction I,et p and v be 
the pressure and velocity at GH, Pi, the pressure and 
velocity at EF , Q, the disehaige per second Then 


Q a: =a flu 

tfj « vjCe 


Let h be the head over the axis of the jet, and c the co- 
efficient of discharge of the mouthpiece, which, as there is no 
external contraction, is also the coefficient of velocity Then 


. (1^) 

Between EF and GH there iS the loss of head (vi'^vyj^S 
due to the change of velocity from Vj to v (§ 3Y), and a fnc 
tional loss which is negligible for very short mouth- 

pieces Houce the total head at GH is less than that at EF 
by these losses 


tfl 

2g 


G 2(7 G 


-I 


2y 



But U] = v/e, and r = c 

= (SO) 


Suppose a amall vertical pipe dipping into a reservoir at a 
lower level (Fig 64) introduced into the mouthpiece at the 
internal contraction Tlie pressure p acts on the free surface 
of the lower reservoir as well as at tho outlet of the mouth- 
piece, and Pj 18 the pressure inside the mouthpiece Ileoco 
the water will nse in the tube to a height KIi = //=(p— pi)/^ 
If V is greiter than the distauco X between tlie axis of 
tho jet and tho Burfuco of the lower rescr\oir, the water wiH 
bo continuously pumped up from tho lower reservoir ana 
discharged at tho level of the mouthpiece Tins nmngtnicnt 
IS a jtl pump m its crudest form, in winch one body of water 
descending a distanco h pumps up another bod) of water a 
heiglit X- Butting for tho moment 0 82 , r, *= 0 64, and 
neglecting tho pmall quantitj r„ 

h’ esQ 75A, 
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which IS tho greatest value of X at winch pumping will occur 
The \*alues assumed i\ill be seen presently to be about average 
values of the cocfiicients. 

In order that tho contmuitj of tho stream may not be 
broken, tho lowest pressure must not be negative, that is, p. 



Fig 64 


must be greater than 0 Let the atmospheric pressure height 
p/6 = 33 9 feet of water The condition of flow full bore is — 

|=^-7.'=33 9-|2Q-i)-c,}c=A>0 



With the values of the coefBcienta assumed above, A must be 
less than 33 9/0 75 = 45 feet, or the jet will not discharge 
full bore 

Let c„ be the coefficient of velocity corresponding to the 
resistances between CD and EF (Fig 63) Then 

Vi = c^(2gh), 

and the head wasted between CD and EF (§ 36) is 
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There are therefore three losses of head between CD and 6H, 
two of which have already been given, and the effective head 
producing the velocity u is A less these three losses. 





1 V 2 , 

rr) --+l + tfr 


and putting v == e ^(2gh), 


1 

c* 



o 

--+2+C,.; 


and the coefficient of discharge for the mouthpiece is— 





. ( 22 ). 


Taking 0 ^=* 0*64, <;„=* 0'97, and neglecting c, 


c« 0-824. 

"Weishach made experiments on some cylindrical mouth- 
pieces of different diameters, and lengths about three diameters, 
and found the following values of c, which do not differ muc i 
from the value just calculated: — 

Diameter ==0-032 0-066 0-098 0*131 feet. 

c= *843 '833 -821 -810 

The coefficient varies somewhat with the length of tlic mouth- 
piece. Its average value may bo taken to be ns follows : • 


2 to 3 IS 

Diameter 

c=0-88 0'82 0-77 

56, Convergent mouthpieces. — With these there is nn 
external contraction at the outlet ns well ns the intemn 
contraction. Two cases may bo distinguished ; the inner 
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fcnpl<' miy b<' phirp m at A (Fip 65), or wtll ronndM fts at B. 




In the latter ca-'o the doe to the contraction i? 

diroinishc-d. The ducharge is 

= ( 23 ), 


where flssj(P is the area at the external CTid. The hTJgth 
cl the laonlhpiecc is almt 3d. 


Acgle 0 

. 0* 


uy 

22y 45* 

SO* 

e for esM Ji 

. 0<f7 

OVi 

0-92 

0 66 0 76 

0-63 

e far etae A 

. OftS 

0 94 

0-02 

0 66 



S6i . *d I * — Sappoje a memth. 

piece ’»•* ^ outlet to designed 

that 
abrupt 
the 

it, F 

of 

’ r 


of 


• at t 
bo 

*> 


at 
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hg 


There are therefore three losses of head between CD and GH, 
two of which have already been given, and the effective head 
producing the velocity » is A less these three losses 


IT 


h~ 






and putting v^c^{2gh). 


1 

c” 




+ 2+Cr, 


and the coefficient of discharge for the mouthpiece is— 



Taking =s 0 64 =s 0 97, and neglecting 
c = 0824 

Weisbach made experiments on some cyhndncal mouth- 
pieces of different diameters, and lengths about three diameters 
and found the following values of c, which do not differ raucli 
from the value just calculated — 

Diameter = 0 032 0 0C6 0 098 0 131 feet. 

c= 843 832 821 810 

The coefficient varies somewhat with the length of the mouth- 
piece Its average value may bo taken to be as follows 


Length _ j 
Diameter ”” 

0 88 


2 to 3 12 

0 82 0 77 


55 Convergent mouthpieces — With these there w on 
external contraction at the outlet ns well as the interna 
contraction Two cases may be distinguished , the inner 
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angle may be aliarp ns nt A (Fig 65), or well rounded ns nt B 




In the latter ease the loss due to the intcrml contraction is 
diminished The discharge is 

Q = = iiW^gh (23), 


where n = -rf* is tlie area at the external end The length 
of the mouthpiece is about 3rf 


Angle 0 

0* 

sr 

IIF 

22r 

46* 90* 

e for case B 

0 07 

0 05 

0 02 

0 88 

0 75 0 C3 

e for case A 

0 63 

0 34 

092 

0 85 



56 Divergent conoidal mouthpiece — Suppose a mouth> 
piece with a convergent inlet and divergent outlet so designed 
that there is nowhere ony 
abrupt change of velocity m 
the stream passing through 
it, asm Fig GO The inlet 
may he of the form of a 
contracted stream from a 
sharp-edged orifice, and the 
divergent part should ex- 
pand very gradually, becom- 
ing cylindrical at the end. 

Let ct>, V, p, be the area 
of section, velocity, and pres 
sure at CD, and H, Vj, Pi, 
the same quantities at EF 
Let the atmospheric pressure be^,^Cr=33 9 feet of water and 
let h be the head over the mouthpiece 

Then the velocity at EF is 
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.,=f,v/(Ssri) . (34), 

and the effective head producing this velocity is 

(34«) 

So that the head wasted in fnction and eddies in the mouth- 

This wasted head may be taken to consist of two parts s, 
wasted in the converging, and wasted in the diverging part 
of the mouthpiece Then if atmosphenc pressure is taken 

into the reckoning the total head at CD is h -f ^ and 

that at EF 13 A — 


Consequently 33 9, 

(34J), 


|%g=A-,.-.-,.33 9, 

or if the jet discharges into the atmosphere pi ^pa> 

^I^h-Z^-Zi 

2p * * 

Then the discharge is 

^/^2y(A ~ (2®)' 

which IS independent of the area at the throat CD But 

there 13 one obvious 
limit to this. As the 
velocity IS greater at 
CD than EF tlic pres- 
sure must be less, that 
IS, less than atmo- 
Bphenc pressure If 
the ratio of the see- 
tions p = great 

enough p becomes zero 
or negative, and flow 
full bore IS impossible 



Fiff 67 


The stream breaks away from the mouthpiece os in Fig A 
But r = pVj, and inserting this in cq (24b) 
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G 

p becomes zero if 


I^ + | = *--. + 33 9 , 
j? = (l-p")(*-^J+p% + 33 9, 


/A - r, + 33 £ 


(26) 


From expenments on bellmouths, Zj may be taken as about 
0 05A The value of Sj may be considerably greater In 
an expandmg stream there is great instability and tendency 
to break up into eddies which waste energy If the mouth* 
piece IS short, the stream breaks into eddies , if long, the 
friction of the surface gives rise to eddies ITie following 
short table is calculated for the limiting cases z = 0 and 
*2= 0 97i 

LIUITIMO VAtUES OP p 

A « 1 5 10 20 50 

When8o»0 606 283 2 13 166 130 

Wbeii*j = 09A 264 8-0 45 28 17 

Venturi experimented on a mouthpiece of this kind and 
concluded that the discharge would bo a maximum wlicn the 
divei^ing part was of a length equal to nine times its least 
diameter and the angle of the cone a Lttle more than 5“ 
Francis (^Lowtll Hydraulic Expcr%ments) obtained results with 
a similar mouthpiece 

The diameter at CD was 0 102 feet, at EF, 0 321 feet , 
p = 9 9 , the length of the diverging cone 4 feet , the mouth 
piece was drowned and the difference of le>el of head and tail 
water was from 0 1 to 14 feet The mean coefficient of 
\elocity (or discharge) was c, = 0 23, so that from eq (24a) 
the effectue head was 0 23*A= 053A Consequently 947A 
Was the head wasted during the passage of the water through 
the mouthpiece. This corresponds to the total head lost 
bet^ieen inlet and outlet of a Venturi meter, A being the 
height duo to velocity at inlet or outlet 

57 Influence of temperature on the flow from orifices 
"■“Experiments %\ere made by the author (PAi/ Mag, 18 j 8) 
wth a conoidnl mouthpiece 0 394 inches diameter, a head of 
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1 to foot Neglecting the expansion of the reservoir and 
orifice, the coefficient is — 

Tempetatnrc F Valnt of c. 

190 09871 

ISO 0 9740 

60 0 9418 

"With a sharp edged orifice also 0 394 inches diameter and 
the same heads, and also neglecting any correction for expan 
Sion of the reservoir and orifice — 


Temperature F 
205 
140 
62 


Value of e 
5036 
5964 
5980 


The results show that the influence of temperature is very 
smalL The correction for expansion of the reservoir and 
orifice would be very small 

Mr Mair repeated these e^erunents on a much larger 
scale With a conoidal orifice inch in diameter and a head 
of 1 7 5 feet the following values were obtained — 

Temperature F V alne of e 

17*0 0 981 

no 0 967 

55 0961 

With a sharp edged orifice 2^ inches diameter and 1 75 
feet head, the following were the results — 

Temperature F \alueofc. 

1V9 0G07 

110 0604 

57 0 604 

In the case of the conoidal orifice the increase of tempera 
ture appears to reduce sensibly the frictional loss. In the 
case of the sharp edged orifice the influence of temperature is 
\ery small 

pBOBLEJia 

1 The pressure in the pump ^lindcr of a fire-engine is 14,400 Ite 
per square foot, assuming the resistance# of tn® j 

and nozrle arc such that tlie coefficient of resistance w 0 
the velocity of discharge ® 



IT USOAl U.J 

2 The frwnrp tn tl c lii>^ <f a firp-ftipnp It 13,000 11^ rx'rfqn^re 

f *^1 , ihe jri nx'f to A hri^ht <f I'O f«t tin! iJie ct«cfTicienU 
cf rrloair an ! rr^iOAner 0 849 an«l 1 39 

3 A honrnntsl jci Jn t.n!rr a hra! of 0 ffrl. At C feel from l!ie 

onfjcr It li\s fa!!tn tttlinllT If* Inches. Tinl the corfhcicnt 
of relfKitj 0p9 

4 Roqtiim! tlic cor"’rieni < f rr« •itnec eormjon linj; to a c»'»’fTicienl 

of Tfloaty M O-Of huto »lit f'ererntAp’ of the cnerpy due 
to the head j« « vUd 008'* 7 8 per cent, 

5 A fluil of one-qtiTrter the den«itT of iratrr i« dt^cliargnl frtm a 

Tcnwh in wl icli tl e proMure it CO !!«. jw-r square inch (aleoliitc), 
into the atmeejhere, where tie jiTw«'arc u 16 ll«. per equarc 
lack find tl e Tel icitTdt e to the 1 r-vl ICT 'j ftpcreocond, 
C Find the diameter of a cirmlar onfi«? to diKharpj 2000 cubic 
feet per hour under a hejl of 6 feet CocfSeienl 0-C2 

SOS inchce. 

7 A ejlindnca! ciilem oontainT water 1C feel deep, and u 1 equarc 

fool in CTw teelion. On ojeninR an orifjce of 1 rquarc inch 
in the lottom, the water level fell 7 feet in one minute, hind 
the cocHScient of discharge 0 598 

8 A miner* inch u define! to l« the dt^charge through an onCcc in 

a vertical plane of 1 equate inch area, under an average head 
of G| incbcfc Finl the eupplj of water per hour in gnlloni 
CocDjeicnl 0C2. 671 

0 A vcs«l fitted with a jt*ton of 10 rquarc feet area diwhargc* 
w^ter under a head of 9 feet Mhat wciglit placed on the 
pulon would double the rate of diKharge 1 270 11*. 

10 Required the dueharge from a tbm-edged vertical elmce opening 

3 feet wide and 1 foot deep Depth of water to lower edge of 
orifice «» 7 fect, coefficient of discharge » 0-02 

50 7 cubic feet per second. 

11 The diKharge from an onfice 10 feet btlow the water surface la 

18 cubic feet per minute. l\hat will be the diwharge when 
the head u 25 feet 7 28 45 cubic feet per minute. 

12 Show that about of the energy due to the head w wasted at a 

cyhedneal mouthpiece. Coeffiaent 0 83 

Tlie loss IS 31 per cent 

13 A jet has a diameter of 3 inches when lasuing vertically under a 

head of 9 feeL Find its diameter at 0 fett above the onficc. 

3-0’i inchcfl. 

14 IVhat must be the size of a sluice in a lock gate to empty the lock 

m ten mmutesl Area of water-surface of lock 16 feet by 
100 feet Lift C feet The sluice w below the tail water, and 
the Coefficient of discharge la OTO 2'03 rquarc feet 

15 A vessel is of such a form that its horizontal area w A-t-Bz + Cz* 

at X feet above the bottom. Show that if there arc h feet 
imtially in the vessel, and it empties through an onficc of area 
w, the time of emptying i» given by the equation 
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between the levels h and h+dh Its cross section is Mh, and 
neglecting small resistances its velocity is ^/(2yA), and its 
discharge l^{2gh)dh Hence the whole discharge of the 
orifice IS 

Q = hy/2g r ^dh 

J Aj 

= ( 1 ), 

where the numencal factor on the right is a coefficient 
depending only on the form of the contracted cross section 
Now let Hj, Ha be the heads at top and bottom edges^ and B 
the width of the orifice itself I^t 

C- 

Then the discharge, m terms of the dimensions of the 
orifice, 18 

Q=|CBV2?(H,<-H,^) (S), 

which IS commonly given as the theoretical formula for 
vertical rectangular orifices, and C is often stated to be the 
coefficient of contraction But 0 is clearly not the coefficient 
of contraction, the value of which must be 

Mtzh) 

Equation (2) is only rational if C is understood to be a 
coefficient the value of which mil vary mth the proportions 
of the orifice, and experiment shows this to he the case 

59 Notches or weirs — A practically lery important 
case 13 that in which Hi — 0 and the jet is discharged from 
an open notch or orifice extending up to the free surface- 
Weira in rivers are cribworh or masonry constructions, 
primarily intended to raise the 8urface-Ie\ el of the nver up- 
stream, while permitting the passage of floods. Notches for 
measuring purposes are weirs fitted with a plate in which on 
open notch is formed through which the watei passes The 



NOTCHES AND WEIRS 


97 


notcli IS usually rectangular, but sometimes triangular or 
trapezoidal As the water surface falls when approaching 
the notch, the head h o\er the bottom of the notch, or over 
the crest of the weir, should bo measured some distance back 
from the weir beyond the origin of the surface curve 
The jet or stream passing oaer a weir may bo termed the 
weir sheet. For an ordinary sharp edged weir or notch the 
sheet is of the form shown in Fig (59, A, B The weir sheet 
contracts at the two ends and at its top and bottom surfaces 
If the length h of the weir is equal to the width of the 
channel of approach there arc no end contractions, and the 
weir IS termed a weir witli suppressed end contractions If 
the tail water lo\el is abo\c the crest of the weir it is termed 
a drowned weir If the crest of tlic weir is broad or rounded. 



or if the upstream or downstream faces of the weir are 
sloped, the phenomena of discliaige are complex, the water 
sheet m some cases spiinging clear, and m some cases 
adhenng to the weir (Fig 69, C) 

The equation of discharge for rectangular weirs is found 
by putting Hi = 0 in eq (2) Also let h be the head above 
the crest and I the length of the notch or weir Then 


Q = ^/W(2yA) 
= 5 36c(i* J 


( 3 ), 


where c is a coefficient of discharge, which varies considerably 
in different cases. This is the formula which has been most 
generally used in computing weir discharge, and it is trust- 
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worthy for practical purposes if the value of c is selected 
from observations in similar conditions. The following small 
tables give values selected from those obtained by Hamilton 
Smith from plottings of various experiments by Francis, 
Fteley and Stearns, Lesbros, and others It will be seen that 
c vanes more for weirs with end contractions than for weirs 
with no end contractions 


COEITICIBNTS or DlSCHARQB FOB WeIRS WIIH CoMPtETB 
CONTBACTJON (HAMILTON SlflTH) 


Head oa 
Weir Crest 

Values <sf 

when the Len^h of the Weir is la Feet 

ja FeeL 

1 


3 


7 

10 

IS 

0 15 

625 

634 

638 

640 

640 

641 

642 

0 S 

618 

626 

630 

631 

632 

633 

634 

03 

008 

616 

619 

621 

623 

624 

625 

05 

590 

605 

606 

611 

613 

615 

817 

07 

590 

S98 

603 

606 

609 

612 

614 

1 0 


690 

595 

601 

604 

608 

611 

1 5 



585 

592 

59G 

602 

606 


CoEmciENTs OF Discoaroe for Weirs wits Sopprbssbd Eni> 
Contractions (Hamilton Sinrs) 


Head os 
Weir Crest 
in Feet 

Values of c wheii the lea^tth of the Weir is la Feet. 

3 

5 

7 

10 

15 

19 j 

0 15 

649 

645 

645 

644 

644 

643 

0 2 

642 

638 

637 

627 

636 

636 

0 3 

636 

631 

629 

628 

627 

626 

06 

633 

627 

624 

621 

620 

619 

0 7 

035 

628 

624 

620 

619 

618 

1 0 

C41 

633 

626 

624 

621 

619 

1 6 


641 

636 

630 

625 



60 Velocity of Approach. — So far it has been assumed 
that the stream approaching the rreir was of largo section 
compared with the jet over the weir, and that the head 7t was 
measured where the water was nearly still In many cases 
the neir is at the end of n channel of limited secuou, and 
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the head must be measured where the water has a velocity 
too great to be negligible In that case the observed head 
has to be corrected for velocity of approach before using it in 
the weir formula. 

Let Fig 70 represent a vertical rectangular orifice at the 
end of a channel in which the \elocity of approach is v. Lei 



70 


b bo the vidth of onficc, and A, Aj be the heads o\er the top 
and bottom edges of the onfico measured at o point in the 
channel where the mean \clocity is It is obvious that 
Bomewhero upstream there must have been a fall of free 
surface 



m producing the \elocit) « Ilcnce the true heads o\cr the 
edges of the orxGco, reckoned from still water level, are 
A,4-J) and A, + {) Putting these %alues in cq (2), 

Q = + !))'- (*, + !))') (<) 

In the case of a notcli or weir of length /, A, « 0, and 
Aj may be wTitten fi, 

Q= jd.'jiKA.lj)'-!,') (5), 

which IS the equation xno«l gcnerill} u«od for weirs when 
aclocity of npjiraich mu«t l»o nlloived for It is not from the 
thoon.tic.ll point ofiiLW cntinlj Rati«fuctor^, l>cc3U5e in the 
hoction where A is imisuriHi the idocily i‘ane«, and it is 
uiKxrlaiu in what projKirtion dilLrent jortioas of tie stream 
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go to make up the jet over the weir It is probable that fj 
should be affected by an empirical coefficient a to allow for 
this In most cases f) is small compared with A, and the 
last term in the bracket is very small Hence for simplicity 
some writers take 

Q = Srf^/^{(A + a!))5} (6), 

which is easier to compute It appears that a = about 1 5 
An analysis of Francis and Fteley and Steams' experiments 
led Hamilton Smith to the conclusion that a should be taken 
1*33 for weirs with no end contractions, and 1 4 for weirs 
with end contractions It will be seen later that new experi- 
ments by Bazm have led to a better method of dealing witli 
velocity of approach The following table will give an idea 
of the importance of velocity of approach m weir calcula- 
tions — 


Values oi jj 


Velocity of 
Approach 
« 

2g 

'll 

-.1 

1 Velocity 01 
Approach 

1 ^ 

2? 

lllk* 

8 2y 

ud 

Feet per 
second. 

Feet 

Feet 

Feet 

Feet per 
second. 

Feet 

Feet 

Feet 

02 

0006 

0008 

0009 

08 

0099 

0133 

•0139 

03 

0014 

•0019 

0020 

0 85 

0112 

0160 

0167 

04 

0026 

0033 

0035 

09 

•0126 

0168 

0176 

05 

0039 

•0052 

0054 

0 05 

0140 

0187 

0196 

06 

0056 

0076 

0078 

10 

0155 

0207 

0218 

07 

0076 

0102 

0107 

1 2 

0224 

•0298 

0313 

0 75 

0087 

0117 

0122 

1 5 

0360 

0466 

0489 1 


When the velocity of approach « is directly measured by a 
current meter, for instance, eq (5) or (6) presents no difficulty 
More commonly only the cross section 12 of the channel of 
approach is known Then if Q is the discharge over the 
weir. 


Ij 


Q" 


If this value is introduced in eq (5) or (6) it is very cumbious 
It IS better to proceed by approximation Let Q' be tJio 
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discharge if the velocity of approach is neglected, that 
is, by eq. (3). .Then i4^ = QYn is an approximate value of 
u, and = is an approximate value of f). Putting 

this in cq. (5) or (6) a second approximation Q" to Q is ob- 
tained. A third approximation can be found, but this is 
rarely necessary. 

61. Partially submerged orifees. Drowned weirs.* — 
"WTien the tail-water level is above the lower and below the 


upper edge of the 
orifice, it divides 
the orifice into two 
parts in which the 
conditions of flow 
are different. Let 
Fig. 71 represent 
such an orifice, 
where /ij, A-, h are 
the depths below 
the free surface of 
the upper and lower 
edges of the orifice 
and the tail water, and b is the width of the orifice. An 
elementary stream issuing above the tail-water level 

has the head h', which for different parts of the orifice varies 
from hi to h. An elementary stream iijmg issuing below the 
tail- water level has a head h" — h'" = h, which is the same 
for all parts below the 
tail-water level If Q, 
Q 2 are the discharges of 
the upper and lower 
parts of the oriSce, 

Fig. 7Z 




The important case 


is that of a drowned weir, in which the tail-water level 


is above the weir crest (Fig. 72). Then Aj = 0, and the 


discharge is 


() = (), + Q,=aj(2sh){K-n] 


■ (7), • 



ETiiBiracs^ 


cm 


lOf; 


I ’ 1 to Thi» stisasjs tjmTS^ 2ctcSs ds?" 1:2 r'''-'^ 
'•7‘ ’■f iod ’^tsShzi^ elsrsiisrf •runi 

TiiVjac ^" 7 " |:iir rt c. ctsCinsSic 2 iiin:£s::ir~ 5 ^ 22 ^ 1 ? dtir 
rrr M G:::3C £e 45 i ii * 1 .*, cfi2nrcs!:t5s tiii 

fiurfur (li 1 to X, oJSil C 2 ^ r^aifES 35 I 57 ^‘=' 

5»‘jrj’ntlT Ch‘» of tatis™ tr«t3 5^2335 jsrLTtfn !!:■* 

filio I to rj, .13 th;3b:It^raciir55:r::ofsCTlH;r^'^^ 
r/'’rf?'’nt.U 7 «;r?iz:y, lit? Cctsi <£&CC£C?* ot Eze 
N’ K* nCio I to BaJ ci < 21:5 a.^ ^ 
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tin' the h^ad5 c:5j2:.'2rs<f to the v^iei cf ^ 

Ujo f};f» ?itrf'i«i ma3l id tte wtxD {/ii 
if fi fo tfff’ nit nC aDf tioe the zs- 

ntiii Ilit» fti^tntfaa lii3 a more waoral bis5 thn 
f<'t))n»/i i'i(r« nitoic tor recCDojtilit' 

(ttif flw f/if flttrfiw \ridth / ranes tiirecd^ '15‘Aji 

' i»n /in {f»}/ tn f/«’ form 


Q « jrfA » 

uln'tn ^ /<j rt f (K /Roiotit of eootractiDa, ^ ^'w£e 


f/f* inift/fifii,} fl^rc-iou onj X w a coartaat 
f«<"‘ -'/ fh, nir'iti \ct<Kit} in tile contracted stre^ 

*'/-><> >U>n tH (ho h* uL Thu \'afue of X morf toatoa. / ‘ 
/ f 'f /)»!?»'> Hmmf’nn firtt indicated the prow 
> T /?« (, III ft,r ^^ (ti irt^'fiiar notch trould hc nearJj' cc 
'' ' lii'U' >/i« /( I run / 1 

y *= A<x4\/(5^‘&) ^ 

' 'Ml I fliit tni rt rtj.f()C iijijjliti notch, ^ ^ 

^ ' > >if,h{ nii^rU -I lu.tt h /« 2A. and the ferntda hecoi»«s 


y = 36f4* 

* ’> " '< h IM t I/II\I till lit tell l)IC.I9UriDg 

" ^ 'f"l(l()/> tn Ittlf Il'Q /«l^ 

' Kmifun^j-iihir notch mt' 

I I "**'’> Ihr null h <it \%, 

^ "■ ,.} Uirt ihntmcl 

' ' '« /• iV/ill-i rt/jou/ef vxten 


a very wnihifi 

d coDtr/JctiOTi5 ^ 

il to the 

», It 13 ^ 

heyoJid the tfi 
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discharge if the velocity of approach is neglected, that 
IS by eq (3) Then u' = (^fCl is an approximate \alue of 
u, and = is an approximate \alue of Putting 

this in eq (5) or (6) a second approximation Q' to Q is ob 
tamed A third approximation can be found but this is 
rarely necessarj 

61 Partially submerged orifices Drowned weirs — 
^Vhen the tail water level is above the lower and below the 
upper edge of the 
orifice, it divides 
the orifice into two 
parts in which the 
conditions of flow 
are different Let 
Fig 71 represent 
such an orifice, 
where /ij /ij h arc 
the depths below 
the free surface of 
tho upper nndloucr 
edges of the orifice 
and the tail water, and h is the width of the onCcc An 
elementary stream MiTUi issuing above the tail uatet level 
has the head h', uhich for dilTercnt parts of the orifice vanes 
from 7ii to A An clemcntaiy stream MjWj issuing below the 
tail water level has a Ijcad A'' — //"=/* uhich is the same 
for all parts below the 
tail water levob If Q, 
Qj are the discharges of 
the upper and loner 
parts of the onfice 

i\ 72 . 




The important case 

IS that of a droivned wcir, in uhicli the tail-watcr level 
IS nleie the weir crc'l (Fig 72). Tlitn A, = 0, and the 
di‘!chargc is 




{•). 
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wliere 6 is the length of the weir, Ju 

the head o\er the weir 

measured upstream, and h the difference of level of head and 

tail water From 

some experiments by Fteley and Steams 

(Trans Am Soc 

of Ctml Engineers, 

1883) the following 

values of c are calculated — 


d 

k 


A, 

k. 

e 

0 1 

09 

629 

0 2 

08 

C14 

0 3 

07 

GOO 

04 

OC 

500 

05 

05 

582 

0 6 

04 

578 

0 7 

03 

578 

0 8 

02 

583 

0 9 

0 1 

596 

0 96 

0 05 

607 

1 0 

00 

628 

The weir was 

sharp edged, 6 feet 

in length, with end 


contractions suppressed. The weir crest ^vns 3 2 feet abo>o 
the bottom of the channel , lu varied from 0 3 to 0 8 feet 
62 Broad crested weirs —Broad crested weirs arc un 
suitable for water measureraent, but it is sometimes necoasorj* 
to estimate the flow at such weire The following is a theory 
of the flow o\er broad crested weirs winch is interesting 



FIfr 73 

I>;t Fig 73 represent a weir wUh a crest of width d such 
tlmt tlio Rtrenin oaor it consists of rectilinear and panllo 
elomcntar) Ftreims. Let the upstream edge lx* rounded fo 
tlmt there is no contriction there Consuhr an rlenuntir) 
Ftreim a<z\ the jwint a l*cing eo fir from the wiir that t ic 
lelocjtj at th/it point is negligible I<i't 00 Ixs the fn^ 
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surface, and let a be h" below 00 and // above a' Let a' be 
z below the free surface at that point Let h be the head on 
the weir crest, and e the thickness of the stream on the crest 
The pi’essurc at a is Gh", and at a' is Gz If r is the velocity 
at a^ . 

^ = h- + K'-z = h-c, 

and if & IS the length of the weir, 

Q = (8) 

Now Q = 0 for e = 0 and for e = k The discharge will be a 
maximum for a value of e found by putting dQjde=s 0 This 
gi\es ess'lZi Insertmg this \alue, 

Q = 0 385Wv'(2?A) (9) 

This IS equivalent to taking c=0 577 m the ordinary 
weir formula eq (3) Espenment shows that the discharge 
of broad<crested weirs approaches and e>en falls below this 
value if d is large The formula is also applicable to largo 
masonry sluice passages with flat floors, o\er which the water 
passes with a free surface With h>15d the attachment 
of the stream to the weir crest is unstable, and with h>2d 
the stream springs clear firom the upstream edge, and the 
conditions approximate to those of a sharp edged weir 

From various experiments the following values are derived 
If ^ IS the head at the weir, d the width of crest, and c the 
coefficient for a sharp-edged weir in the same conditions, 
then the coefficient of discharge in the formula 

Q = %Cbh^2gh (9o) 

may be taken as follows — 


hjd = 0 25 

0 50 

0 75 

1 00 

1 25 

1 50 

C/c=0 75 

0 78 

0 82 

0 86 

0 90 

0 93 

If c = 0 63, C = 0 47 

0 50 

0 52 

0 54 

0 57 

0 59 


The value cs=0 63 is a mean value for weirs with no end con 
tractions 

The following table gi\es results of experiments by ilr 
Blackwell — 
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IS 1 to 71 The streams through the notches must be made 
up of similar and similarly situated elementaiy streams 
Taking any pair of corresponding elementaiy streams, their 
cross sections must be as 1 to iC, their depths below the free 
surface as 1 to w and their velocities as 1 to */n Con 
sequently the discharge of these two streams must be m the 
ratio 1 to 71® As this holds for all pairs of similarly situated 
elementary strearus, the total discharge of the notches must 
be in the ratio 1 to 71 ’ But in any one notch, for tivo 
different levels of the water the same must hold and if 
Aj Ag are the heads measured to the vertex of the notch 
the discharges must be in the ratio (Ai/^ 2 )^ Hence generallj, 
if h 13 the head at any time the discharge is 

q=M 

and this equation has a more rational basis than the ordinary 
formula given above for rectangular weirs It is easy to see 
that as the surface width / vanes directl) as h, the equation 
can bo pub in the form 

Q« WAxiv/(2pA), 

where c is a coefficient of contraction, ^Ih is the section of 
the contracted stream, and A is a constant expressing tho 
ratio of the mean \elocity in the contracted stream to tho 
velocity due to the head. Tho value of A must bo about 8/15 
Prof James Thomson first indicated tho probabilit} that 
the coefficient for a triangular notch would bo nearly constant 
"Writing tho formula 

Q = ^«^Ax/(S?A) (10) 

he found that for a right angled notch, sharp edged, r = 0 G 1 < 
lor a right-angled notch / = 2A and t!ie formula bcconjcs 

Q=2 64A* (IOj) 

The notch is coinenicnt for measuring a acrj '■nfnhlc flow 
when tho quantit} is not \crj large 

Co Kectangulor notch with no end contractions ■ 
Tho length of the notch or weir la equal to tho (Intaiico 
between tho walh of the channel of approach It 11 dt'»imUo 
that the side wills should extend n little hc^oid flit- cri^'t 
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of the notch above its level, but provision must be secured 
for the free access of air below tho water stream passing over 
As there are no end contractions, and the top and bottom 
contractions are tho same for all veitical slices of tho stream, 
the discharge must be accurately proportional to the length 
of the weir 

Taking any one vertical sbcc of the stream of width yA 
and head h, its discharge must bo, as in the case of the 
triangular notch, proportional to and as the stream, 
whatever the head, can be considered as made up of Z/yA such 
slices, the whole discharge must be 

which can be put in the form 

where c and A have the same meaning, os in the case of 
the tnangular notch, and h must be about 2/3 Then simply 
Q = (11), 

uhere c may be expected to be constant for different Nalucs 
of A 

The following are values of c deduced from some very 
trustworthy experiments on weirs with no end contractions 
The values of A have been corrected for velocity of approach, 
but the correction in all cases was small 


Length of 
CrMt 

Head A, 

Discharge Q 


Authority 

5 0 

62 

12 G1 

G3041 

Fldey and Steams 


68 

9 38 

627C]- G284 

„ 


47 

5 37 

6272) 

, 

1. 

22 

1 747 

6365 

, 

» 

10 

586 

6852 

, 

9 995 

1 0046 

33 49 

6222 

Francis 

, 

9834 

32 50 

6248 6239 

„ 

, 

7979 

23 79 

6246 

„ 

18 996 

1 6184 

130 12 

6223 

Fteley and ‘'teams 


9907 

C2 02 

6195 -6201 

„ 


4690 



SO 16 

6186J 
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IS 1 to K The streams through the notches must be made 
up of similar and Binnlariy situated elementary streams 
Tating any pair of corresponduig eiementaiy streams, their 
cross sections must be as 1 to their depths below the free 
Bvrfaco as 1 to n, and thetr velocities as 1 to Con 
sequently the discharge of these two streams must be in the 
ratio 1 to w* As this holds for all pairs of similarly situated 
eiementaiy streams, the total discharge of the notches must 
be in the ratio 1 to 7^ But in any one notch, for two 
different levels of the water the same must hold, and if 
Aj are the heads measured to the vertex of the notch 
the discharges must be in the ratio (hy(k<^^ Hence, generally 
if h 13 the head at any time the discharge is 

q=M 

and this equation has a more rational basis than the ordinary 
formula given above for rectangular neirs It is easy to see 
that 08 the surface mdth I varies directly os h, the equation 
can be put la the form 

where c is a coefficient of contraction, is the section of 
the contracted stream, and ^ is a constant expressing the 
ratio of the mean velocity in the contracted stream to the 
velocity due to the head. The lalue of k must be about 8/15 
Prof James Thomson first indicated the probability that 
the coefficient for a triangular notch would be nearly constant 
Writing the formula 

he found that for a right angled notch, sharp edged c « 0 Cl < 
For a right-angled notch / =« 2A and the formula becomes 

Q = 2 64A^ (lOfl) 

The notch is convenient for measuring a ver> variable flow 
when the quantity is not rciy large 

C5 Hectangular notch with no end contractions 
The length of the notch or weir is equal to the dntaiiM 
between the walls of the channel of approach It is dtsira > o 

that the side walls should extend a little beyond the cre^t 
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of the notch abo^o its level, but provision must be secured 
for the free access of air below the water stream passing over 
As there are no end contractions, and the top and bottom 
contractions are the same for all veitical slices of the stream, 
the discharge must be accurately proportional to the length 
of the weir 

Takmg any one vertical slice of the stream of width 7 A 
and head h, its discharge must be, as in the case of the 
triangular notch, proportional to and as the stream, 
whatever the head, can be considered as made up of // 7 A such 
slices, the whole discharge must be 

«=>*• 

which can be put in the form 

= c/Axi7(2<?A), 

where c and A have the same meaning, as in the case of 
the triangular notch, and A must be about 2/3 Then simply 

Ct^ias/Tgh^ (11). 

where e may be expected to be constant for different \alucs 
of A 

The following are values of c deduced from some very 
trustworthy experiments on weirs with no end contractions 
The values of A have been corrected for velocity of approach, 
but the correction in all cases was small 


Length of 
CrMt 

Head A. 

DKcharge Q 


Authonty 

5 0 

82 

12 Cl 

63041 

Ftelej and Stearns 


G8 

9 38 

6276 V 6284 



47 

5 37 

6272J 



22 

1 747 

6365 



10 

586 

6852 

„ 

9 995 

1 0048 

33 49 

fiOOO 

Francis 


9834 

32 5C 

6246 6239 

n 

„ 

7979 

23 79 

6246 

n 

18 99G 

I 6184 

130 12 

6223 

FteleT and Steams 


9907 

62 02 

6195 -6201 

n 


4G90 

20 18 

6186 
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Tor the same heads the coefficient m was \er) approxi 
mately the same for the four lengths of weir used The 
following table gives a selection of the lalues obtained from 
an avenge of the resulta on all the weits. The coefficient 
for standard weirs ivill be denoted by — 


Standard Weirs, 3 72 Feet man, with no End Contractions 


Values of Coe^cttid jn^j \n JCq (13) 


Hea^ 

Feet 

h 


Head. 

Feel 

A 


Held 

Feet 

h 

fftfl 

IIciJ 

teet 

h 


0 m 

4432 

GB6 

4262 

1 156 

4273 

1 576 

4307 

262 

4372 

722 

4250 

1 161 

4277 

I 640 

4313 

328 

4336 

787 

4258 

1 247 

4281 

1 706 

4318 

334 

4310 

863 

42G0 

1 312 

4286 

1 772 

4324 

450 

4202 

010 1 

4263 

I 378 

4201 

1 837 

4320 

525 

4278 

084 1 

4266 

I 444 , 

4207 , 

1 003 

4335 

58! 

4260 

1 oso ( 

4260 

1 600 1 

4302 I 

2 OGO 

4341 


Next the influence of velocity of approach was cinmincd 
For this purpose the Iioight of the neir aboio tlio bottom of 
tbe approach ohanucl was altered to 2 46, 1 64, 1 15, and 
0 787 feet. The following tablo giics a short selection of the 
values of m for diflbrcnt heights of weir, and therefore diffirent 
aeJocJtics of approach — 


Standard Weirs or 1>I^^ERE^T jrEioiiTs 


Vahiee of On Coejfictenl vx^for btanilard JtVtr* trilJi no End Ct'nlrorliw'* 



1 

IJet);bt of \S <Ir In Feet 


Icct 


— 

— 


— 

A 

3 

1 2 4S 

1 Cl 

1 15 

0 79 

a 107 

4432 1 

4 478 , 

4445 1 

4455 

44rs 

394 

4310 : 

4326 

4310 

4370 


501 , 

4260 

1 4120 

4377 

4403 


787 1 

4258 

' 43(5 

4426 

1 454J 

4C00 

084 I 

42C0 

' 1774 

1184 

' 4679 

(822 

l l^I 

4277 

4407 

1544 

4731 

40(0 

1 37R 

1201 

4441 

4605 
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To find a pcncnl fortnuh accordint with tbes^ resnll-s 
iL Baan ctart'= from the well known cq (C) 




(U). 


where « is the vclocitj of approach, and o is a constant hsTicg 
nsnallv a vale*' aboat 15 ^ is a coefficient less than 

and connected with it hr the relation 

. 

or Einoe th* second te’m in th** bnicket is a nnall fraction, 

+ I 5»;^,) ““'■'T 

If f u th“ h'jglt of tli» weir, tb- cotton of tbe rt'oan 
in tbe cbaani-1 of zvprwrh is (p + ftj, and tbe reloaty o 
approach is t( = Iteplatiiig Q bp its s' n 




< 10 . 


where K is a co»dii I'nt- ^lith this relation, ^ ^ 
eq ( 13 ) can h^ found dire^tl) from th‘> dmifasions of t ** 
Weir without th® nt«d to cal ul<iV v A careful 
of all th‘‘ re«^ults leads lUzsu to ^Jopt th** fallowing raJe^s 
of 171 , and h** giTP'S th” pr^d^i^n^ to th** loconl as in,' oo 
reni^ut — 

The MeCaent fi sarifa of!/ ssi!'' the Iliad, and I'a 
average ralu*^ • 
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Value o[ Coetr cltat 

M 

1461 
4322 
4215 
4174 
4141 
411d 

4002 

With these tallies tlio toefficient m in eq (1?) can be 
found, and tlio disclmige oter any sliarp-cdged Heir ivithout 
end contractions calculated, including tlio inlluenco of the 
tclocity of appiotch Tlie formula tlieu supersedes for such 
Hcirs the less convenient formula; (5 or G) previously given 
Further, the talucs of ft are very approximately given bj the 
relation 

= 0 (16, 

Tor heads from 0 to 1 0 ft with close approximation 

m. = 0 426[l4(^-^)] (18a), 

which can be used iilien a possible error of 2 to 3 pel cent 
cun be allowed 

In the case of weirs with vertical faces and flat crests of 
a width d, sucli as weirs constructed of horizontal beams of 
square timber, the weir sheet adliercs to the crest if h<l od, 
it may adhere or spring dear from the upstream edge if 
and<2d, and Bpnngs cleat if h>2d "VThen the 
sheet IS adherent to tho crest the coeiScient of discharge 
depends on the ratio h/d. and is opproximatel 7 for weirs with 
no end contractions 

in = w„j^0 7 + 0I85|J (19), 

where is the coefficient for a standard weir of the 
same height. Even with a head of 1 48 feet and a width of 
crest of 6 6 feet, so that A/d — 0 22, the coefficient of discharge 
was 0 337, which is little different from the lalae given bj 
the equation If h>2d the coefficient of discharge is the 
same as for a standard weir of the same height A rounding 


IfcaJ 

h 

0 1C4 
328 
G5G 
084 

1312 

1 G40 
1 0G8 




wilb iiicliaM fnrr- nn<l wjlb cn«tn flinq* Iht or 

roiintlttL A nl»*lr\cl of IIh-v' U of hulc 

tbc orjgjnn) nrcount jjjy'l U' rcftmil in. Tin wur j»li«t 
laV.M t!)p foUnvjti^ fonuH (1) I m \Mir hln'ci us «i the cu*n 
of a BbarjMxlgwl wiir U»p i-lifil fn-Hlj lu ihn air 

For tins combUon the cocllicmit of tUn-liurm is lx si tltfinoil 
(2) l)cprp*“ol fIiccI uiul abcct ilrowmnl uDilprtJi itb If jiro 
Msioti « not nmek for fno ncctsji of mr bolow llio sltpii uiul 
if l!ie bent does not exceed ii certain limit llu hbut js 
deUebed from tbe neir, and encloscn n lobmii of nir at lc«-s 
Ilian nlmosplicnc pres-sure Tlio tail nntir rises m lc\cl 
lybjjid tbe sbect.nnd the fclieot is dc|)iT“s.sed bj tbocxces.sof«t- 
mosphcnc pressure on its outer f ICO (1 ig 77 A) The diPcbarg*. 
IS Boinenliot greater ttian for a frccstiect If tholieid jncreasrs, 
tlic whole of the air Ixsncath the abcct is cxpcUetl, and tlie 

8 
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sheet may be said to be drowned underneath (C) It o\er 
an eddying mass of water in the space which, with a free sheet 
IS occupied by air The dieet drowned underneath miy 
may not be affected by the tail water If at the foot of the 
weir there is a rapid followed by a brusque elevation or st'ind 
mg wave, the tail water level does not influence the discharge 
On the other hand, if the tail water covers the foot of the 
descending sheet, it may influence the discharge although its 
level is below the weir crest (3) Adherent sheets (B) In certain 
cases with small heads the sheet becomes directly adherent to 
the downstream face of the weir, without any eddying mass 
of water behmd it This condition corresponds often to o 
marked increase of discharge When the tail woter rises 
above the weir crest the sheet drowned underneath pieseries 
its general form, until for a certain difference of head nnd tad 
water level it bieahs into waves 

68 Measurement of the head at weirs — It is a'ssumDQ 
in tlie preceding discussion that the head on the upstream 
side of the weir is measured at a point above the origin of the 
curto of surface fall towards the weir Fteley and Stearns 
concluded that the distance from the wcir should be at least 
two and a half times the lieigiit of the weir abo\c the bottom 
of the channel of approach, but no doubt this would be an 
excessive distance if the height of the weir is largo compircd 
With li The exact racasurement of the head is acr^ important 
and a hook gauge (§ 41) should be used, as accuracy is nu 
portant With 7t =« 0 1 foot an error of 0 001 foot, or about 
a hundredth of nii inch in tho measurement of h, wuses an 
error of per cent in the calculated discharge '''’‘th 
greater values of h tlic pcrccntngo error is less but is not 
unimportant As tho water Icicl fluctuates a senes of roau 
mgs at equal intenals of tune should bo obscricd am t le 
antliineticnl mean taken 

60 Practical gauging by weirs — The most nccimi i 
method of f, luging the discharge of small streams ns in a'ctr 
taming the flow from a c itchtncnt basin is to construct a wtw 
of tiinlwr or concrete across tbt atrciin A single n n u'f* ^ 
th<* hf id gnes tlio means of calculating th« 
ol sfr\Htions aix mmh onto or twice a d i) far as long a p fU'* 
ns nr-o — ir^) lor emill flows a irmnguhr notch m*> 
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used, bet ordinarily the notch is rectangular. An auto- 
matic registering apparatus may be used, motion being given 
to a pencil by a float through the action of a cam designed to 
allow for the variation of the coefBcient of discharge. The 
reduction of the results is simplified if a weir with no end 
contractions is used, as the coefficient is nearly constant The 
crest of the weir should be a metal plate, flush with the 
up'tream face of the weir, with planed edge accurately levelled. 


PLAfj or 

CAST IROIJ K£)l 



Tig 71 

^ V — Wlicu waur collected in 

r>.Mi nijij.ly from mof»rland di'-tnct-", it i^ 

'»at4r of ordinary* {<“nod« from 
^ „y p nt»d< of fc<id. Tli" luttr n diTerttd 

u ,« y' , ^ ** *'• ® r«*'<-noir us<d onlv to Fupj Ir comp^-n^a- 

v. . , ’*■ Tl.i^ i« «T’^ud It a K-j.aratmg 

! <*x ftT-i.’ » rv-cmir. I'l.;* 78 tVwsc'.- 

' r- j:.'.l'rat^ t'’V t!.* watc-r 

‘ 'J._r to iV rr-^riv-r In 
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flood-time the water springs oicr the gap. and dons into a 
clmnnel bejond the iveir 


PnoDtEsts 

1 Find the discharge through a rectangular notch, sharp-edged, and 

ffith complete contraction The notch is 3 Act «ide, and the 
licad 1 J feet Velocity of approach negligiWa, 

13 S3 cnhic Act per focond. 

2 What n-ill bo the discharge of the same notch if the aclocit^ of 

approach is 3 feet per second ? Iff 7 cubic fect ptr second. 

3 Find the discharge oaer a sharp edged areir 10 Axt wiJi, with a 

head of 0 inches. There arc no end contractiona 

21 55 cubic feet per second 

4 Find the discharge of the same «cir b_\ Harm's forznuta, taking 

the height of the ucir to be 2 Aet 

22 00 cubic A'Ct per second 

5 Wliat must be the width of an oacrfall arcir to dt-^chsrgv 24 cubic 

Aet j)cr second, with 8 inches head ? Coefficient 0 02 

13 32 feet 

C A dutnet of C600 acres (1 acre » 43,500 sijuarc Act) dnin« into 
a roseraoir Tlio tnaximum rate at which ram falii u 2 inch 
m 24 hours. Supposing this ntn to fall when the n*»noir 
IS fuii, It would hate to be discharged oicr the b^e tia/li luir 
Find tliL length of such a arcir under the condition that tl t 
head shall not exceed 18 inches Coeflicicnt ofvreir 0 00. 

64 ICfrt-l 

7 A eliarp edged arcir, avith full contraction, i* 10 feet long, ar 1 
Utis 16 Indies of aantcr passing oaer it bind the di.vharg»- 1} 
Francis* fonuula. 4C 27 cubic fit ]*t nron L 

B Iind the discliarge from a triangular right angJrcl notch with 
2 feet heasl. 14-03 cubic Art pr 1 

0 A sharpHslged rvetanguLar weir is to discharge dad) 30, 000, 

gallon* of compensation water, a»ith n nonwal heul of 16 
iwcjies. Tlic cud conlraclions *rr wj pn-v^-*!, an 1 ilir \r! «-itv 
of approach niLlicd Ic. bind the 1 nj,th of ll e wiir 

“ F-'iDfKt 

10 Draw a ctirac of discharge from a right angld triangular r t h 
for dilArvnt lic-vis. The dwharga. mai U* calcibtid {j- ». 

4, 6, and 12 indH*a beat Co'Clcimt o-C 
I] A hake divharp-s over a wtir 6 f *-1 b»fvh aUae tie f'rea'a !• » 
and 10 fret wih Tlie water Ier« I ftl-on tf e »eir /• 6 f 
anl Wlow th wnr C f-et, alori* the tlrran Nd li-i t e 
dischary, taking U*e ct-fi lent cf tie wrir c-00 

rv 1 rulic A-t ;.rf 

le t Wrif la 30 fi-rt f •’g an! hn* J8 ire' r» i rxL Tie I r ' 
th- weir {• 3 fret. TJ * chanrrl i f i; | a h !• Iir ' 
wlhh as the wnr 1 ir Ml e di--l arg- 

I itfl e h' t el jrr * 




CHAPTEE VI 

STATICS AND DYNAMICS OP COMPBESSIBLE FLUIDS 

71 The present chapter deals with a few problems 
relating to compressible duids which are closely related to 
those discussed in the preceding chapters. In compressible 
fluids the density vanes with ordinary differences of pressure 
and temperature instead of being nearly constant as in the 
case of liquids. But some reservations may be made Gases 
are so much lighter than water that the variation of pressure 
with difference of level can often be disregarded In some 
cases, as for mstance the flow of lightmg gas m mains, the 
difference of pressure causing flow is so smjdl compared with 
the absolute pressure that the variation of density can be 
neglected without much error On the other hand, in a large 
number of cases the •variation of density must be taken mto 
the reckoning, and then the formulae for compressible fluids are 
more comphcated than those for water 

Heaviness of gases — ^Th© density or weight per cubic 
unit of volume, G, must be stated with reference to some 
standard pressure and temperature The most convenient 
standards are 32° E, and one atmosphere, or 2116 3 lbs per 
square foot The volume V in cubic feet per pound is the 
reciprocal of the weight G in pounds per cubic foot V is 
often termed the specific volume 
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HEAVEfEsa OP Gases at 32* F a^d ove Atmosphere 



Approx 

Specific 

Weight 

Cubic 


Gas 

Constant 

E. 


Molecalai 

Granty 

in lbs per 

feet per 

PoVo- 


Weight 

Air=l 

cubic feet 

pound 


P- 


Go 

v*. 


Hydrc^en 

0 

0-0693 

000559 

178 30 

378819 

768 1 

Oxygen . 

32 

1 106 

0-0895 

11 17 

23710 

480 

Kitrogen . 

28 

0 971 

0<1786 

12 71 

26990 

546 

Carbon monoxide 

28 

0 955 

OG773 

12 94 

27380 

55 5 

Carbon dioxide 

44 

1529 

01238 

808 

17145 

34 7 

Air . 

2d 

1-000 

00810 

12 35 

26214 

532 

Steam gaa 

18 

0622 

00502 

1901 

42141 

85 3 

r, , ffrom 

Coalgaa 


0 485 

00393 

2547 


109 2 


0 354 

00287 

34 89 


149 6 

.Uond caa drv . 


O&OS 

00654 

15-29 


65 6 

Producer gas 


0-965 

00781 

12 80 


650 


The weight per cubic foot at 32® F. and one atmosphere 
IS Gg s ft/358, and the corresponding volume per pound is 
Vg= 358/ft. 

Specific heats .of gases — For the simpler gases the 
speciSc heats at constant pressure and volume appear to be 
nearly independent of the pressure and temperature. For the 
more complex gases it is now certain that they increase with 
increase of pressure and temperature For the calculations in 
this chapter only the ratio of the specific heats, 7 = c^/c,, is 
required, and it will be suflicient to assume that for air and 
the so-called permanent gases 7=140, for steam gas and 
carbon dioxide 7=128 

For air the following values arc useful — 

7-1 = 04, ^*=0 286, - = 0 714, 

r r 



72. Gaseous laws. Boyle’s law. — At a constant tem- 
perature the pressure of a gaseous mass vanes inversely as the 
volume. If P IS the pressure m pounds per square foot, V the 
\ olume of a pound m cubic feet, and G the weight of a cubic 
foot m pounds; then if the temperature is constant, 

P/G = PVsa constant . . . (1) 
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If Pjjj Vg ftre the values at 32* P and one atmosphere, then 
I’o^o ^3 ^ constant for each gas which has been determined 
avith great precision 

Dalton's law. — In a mixture of gises the pressure is the 
sum of the pressures which would be everted bj* each gis 
separately if it occupied the space alone let «j bo 
the fractions of a cubic foot of each of the ga'tes in one cubic 
foot of mixture at a pressure P Then the pressures due to 
the different gases are 

p2^Pv2 

Let Wi, 14»2 be the fractions of a pound of each of the 
gases in one pound of the mixture, and ^j, fu their 
molecular weights Then 






^ fhf ^ M 


(5) 


Charles's law — Under constant pressure all gases cvjvind 
alike Thus between 32* and 212" T ode cubic foot expands 
to 1 3C54 cubic feet, or, putting it anotlicr nay, a gas exp-iuds 
1/403 of Its \oIume at 32" for each degree nsc of tempcmtiirc 
IvCt Vp be the volume of one pound at 32" and V its loluine 
at the pressure being the same 


V = V,(l-* 


”493 / " 


4C1+/ 
'®4C1 +33 


(3) 


If temperatures uroceckooed from — 4(11 on the Fahrcnhoit 
scale, in which ca^c thej arc tcmied <ilsnhUe tempcmliire? 
the equation takes a simpler form. Lot T, T© be the ahcoiiite 
terapemturcs corresponding to f and 32" 

VA'-. = TyT, <■<> 

TIjc laws of Po^Io and Charles can be combined to gi'‘ 
the general relation of prv*y*urc, volume, and temperitun’ lu 
ga^cs lor, let P© V© T© Ito the prr‘y»un?, >olumt, n«d tun* 
jK,r 3 t«reof one i>o«nd at 32' F.nml P, V, T ibcMineyu-intitu^ 
under other conditions llj Clmrlts's Jaw, if T© clungei to 
T, and V© to tlie pre^mrx* nmaming cointanf 

V - v,T/r, 
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for in«Uncc inclic} of mercury Puttmg II* 26190, and 
eub'tituting common for nitunl logarithm^ 

-t, = 00300 log,, ft 

1*S 

Let /„ t, be the temperatures at the two stations. The 
mean tempenture of the air between the stations is apprOTi- 
matel) / = ;^(L + L) But a column of air 1 foot high at 32“ 
expands to 


at t®. Hence the true !icight between the stations corrected 
for temperature is /■(Aj — Ai) 

EiAurui — ^The olpon-ed tarometne Iitighu at two ftations were 
30 asd ST uichea, and the corresponding atr temperatarca 65* and 50* F 
= 60300 log {30/27)»C437 ft 
Die mean temperature naa 57* 5 

I = l + (575 32)/m=l-05 

Corrected difference of lerel = C437 x I 05 = 6750 ft. 

75 Flow of air through orifices under small differences 
of pressure— In some cases the air is discharged from a 
vessel in which the pressure is rather more than an atmo- 
sphere into the atmosphere. In that case the difierence of 
pressure causing flow is small, and the variation of density 
of the air is very small also For instance, if the difference 
of pressure is one pound per square inch the pressure ratio is 
15 7 to 14 7 lbs. per square inch, or 1 07 nearly, and as m 
the cases under consideration there is no material change of 
temperature, this is the ratio of lanation of density also In 
many practical cases the variation of pressure and density 
IS even smaller than this. In such cases the flow may be 
treated as if the fluid were incompressible 

Let pi, p, be the absolute pressures in pounds per square 
foot inside and outside the reservoir from which the air flows 
Tj the absolute initial temperature F 
V the velocity acquired the air 

Vi the volume of a pound of air at pressure pi and 
temperature Ti 
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sea level is 29 92 inches ov 2 493 feet and the weight of air 
at 32’" and that pressure is 08073 lbs per cubic foot. 

Hence 




848x2 493 
08073 


= 26187 feet 


74 Vianation of pressure with elevation Application 
of the barometer to determine heigrhts *— Let the atmo 
sphere be at 32“ F, and Jet G be its density at h feet abo\e 
the point ^7here the pressure is one atmosphere If p is the 
pressure at a height h the pressure at will be Jess b/ 

the weight of a layer of thickness dh That is 


dp= -Gift 

Hut at constant temperature p/G^pjG^ where G^, am 
\alue3 at 32^ and one atmosphere 


dp= -(G^A)/po 

Integrating 8incQp«p^ wbcD/ia=0 

% % GaA' 

log*p-log.pj= - ^ 

22* 

r> ) 


( 8 ) 


The quantity pjG^ is the height H of n homogeneous 
atmosphein at 32“ F above a point sphere there is standard 
pressure and density 

p-pqC ** (8**) 

The height abo^c ft point »Iicre tlic height of a liomogcneous 
atmosplicro is H is 

A-niog.^ 

where p p^ arc the birometnc prcssorct If Pj 
barometric pressures nt two stations at heights hi hj abov'^ 
tlio point where the pressure is one ntmosphea 


h,-!,,~Uioy.liU (S') 

As pi/p, IS a ratio tlio pn.ssun.3 inaj bo taken in an) nint’ 
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for instance inches of mercury Putting H= 26190, and 
substituting common for natural logarithms 

Aj - Aj = 60300 ft 

Pi 

Let be the temperatures at the two stations The 
mean temperature of the air between the stations is approxi- 

2 

expands to 


at t"^ Hence the true height between the stations corrected 
for temperature is — A,) 

Example— T he oh*enc<l barometnc heights at two stations were 
80 and 27 inches, and the corresponding air temperatures 05* and 60* F 
A,-Aja60300log(30/27)®C43" ft 
The mean temperature was 67* 6 

Aal>l-(67S 32)/msl05 

Corrected difference of Icicl«»C-l37 x 1 05 = 0760 ft 

75 Flow of air through orifices under small differences 
of pressure — In some cases the air is discharged from a 
vessel in which the pressure is rather more than an atmo* 
sphere into the atmosphere. In thot case the difllrence of 
pressure causing flow is small, and the variation of density 
of the air is \ory small also For instance, if the difference 
of pressure is one pound per square inch the pressure ratio is 
15 7 to 14 7 lbs per square inch, or 1 07 nearly, and as in 
the cases under consideration there is no material change of 
temperature, this is the ratio of aanation of density also In 
many practical cases the aanation of pressure and density 
13 even smaller than this. In sucli ca'jes the flow may be 
treated os if tlio fluid were incompressible 

Let Pi p, be the nb'solutt pres«!urcs in pounds per square 
foot inside and outside the reservoir from which the air flows 
T, the absolute initial tempenture I 
r the \Llocit) acquired bj the air 

V, the volume of a jxiund of air at pressure pi and 
tempenture Tj 
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of a cBhio foot 1' 
tbe the vanabon < 

Then negleeting 


=7l^ 


2/-^rV 


f the orifice i 

Q»eu» = f"*y 
G, of a outao foot 0' 

The weight 

temTeratnre i r 

Ji'nP-aaaiteha. 

63 :i 

fpjt' 


“V 
I lew 


»/ 


'll 

,h small i'tf' 
MThen '’le prcsanies m ' 

0“ '“*«e in inobes of 
piessniea are 

■W = 5 72ot^ 

1 , has eairie'' out 
Professor »''*^'edgecl or.ficrs . 
the discharge of fro® J 

With 

S:::e"ohmincd- 


1, 
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■VAT.UES OP C 


Diameter 
of Onfico 
m laches 


Heads 

in Inches of \V ater 


1 

2 

3 

4 

5 

s 

0 603 

0 606 

0 610 

0 613 

0 616 

1 

0 601 

0 603 

0 605 

0 606 

0 607 

2 

0 600 

0 600 

0 600 

0 600 

0 600 

3 

0 599 

0 598 

0 697 

0 596 

0 590 


0 598 

0 59C 

0 694 

0 593 

0 592 


The channel of approach to the orifice was at least twenty • 
times the area of the onfice, so that the veloaty of approach 
was negligible 

Y6 Expansion of compressible fluids — Two cases ore 
important If the expansion takes place without change of 
temperature, heat must be supplied during expansion , Boyle’s 
law IS applicable, and the product PV is constant Such 
expansion is termed i«otherraal or hyperbolic. If no heat is 
supplied or lost dunng expansion, it is shown in treatises on 
thermodynamics that the product VV' is constant where y is 
the ratio of the specific heats at constant pressure and constant 
\olumc The expansion is termed adiabatic, and as external 
work 13 done at the 
expense of the interinl 
energy of the fluid the 
temperature falls. 

Let one pound of air 
expand from Y, to V, 
the pressure changing 
from P, to P^ Then 
rsaV./V, 13 tlic %oluijie 
ratio of expan'tion, and 
p = P./P, mi) convcni 
cntl} bo called the pres 
sure ritio of expansion 
The nhlion of pressure 
and ^oUnne dunng ei- 

jvinsion IS gncii graphicilly bj a curve CD 




126 


HYDRAULICS 




small change from V to V +dV the work of expansion is VdV 
Hence the whole work of expansion from the state gu cn b) 
PjVj to that gnen b} reckoned per pound of fluid, is 

U= I lbs 

J V| 

Work of isothermal expansion — Smco m this ca'^ 
PV IS constant, the expansion curve CD is n hyperbola 
P = P,V,/T Hence 

j T 

'^ = P.v, '^=r,v.iog,^" 

J V, ' 

= P,Vilog,r = P.V,log,iftlbs (13) 

Work of adiahatic expansion —In this caso PV’^= 
constant 



Ra,-T,) 

y-I } 

It 19 coni enu lit to ixmcinbcr the f blowing rxlitmniin 
ndmbalic expansion — 
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yi 


It 18 ftl^o useful to fitflte the thmno^j mmic result that the 
change of tcmjicntiire in iwinbatic etpaumon is gi\en by the 


rehtion 



77 Modification of the 
compressible fluids — Su} po'-e 
tint in a sliort tiUK t tht in ij» 8 
AB comes to A^B Let I', 
tj, Gj, Vj Tj, bo the {>rt'-sun. 
section, icJocity weight jkt 
cubic foot, volume )>cr ]>o«nd 
nnd absolute tempenturt it A 
Let P, Wj t, G^ \ , *1 j U tUv 
Kime quantities at B Tht 
motion being stt idy t!>t weight 
of fluid passing A ami B in i 
giien tunc must be the »imo j 
second, 


r ' 

r ’ m 

theorem of Bernoulli for 



0 0 
Tg $i 

' W IS the flow m pounds per 

G .1, 


If Cj arc the heights of t ami B al>o\^ tiit datum plane 
the work of gniitj i 

GjWjijl ^ ^)ft lbs pes sec 


The work of the pressure on the Stctnns. it A and 13 is 
PjWjfj P j - ‘ ^ ft Jbs per sec 

The work of espiubion i<- 

Pn W l> ft 11)5 per sec 


The change of kinetic entrgs i-* the diflcienceof the energy of 
Vi'" lbs. entering at A and W lbs leaving if B That is 


’It 

2? 


,0 ^ 


jj ) ft lbs per sec 


Equating the work done to the change of kinetic energy, and 
for simplicity dividing by W 
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small change from V to the \rorh of expansion is PifV 

Hence the whole work of expansion from the state gz\en by 
PjVj to that given by PsV*, reckoned per pound of fluid, is 

r’’ 

U= 1 PiJVftlbs 
J V, 

Work of isothermal expansion — Since in this case 
PV IS constant, the expansion ciir%e CD is a hyperbola 
P = P,V,/V Hence 

U = P.Vj ^ = P.V,log,^' 

J \\ ' 

= P,V, log, r = P,V, log, i ft lbs (13) 

Work of adiahatio expansion — In this case PV’s= 
constant 




y~l 


U (T,-T.} 

r'» 


It IS coa\eniciit to remember the following relations in 
fldiabatic expansion — 
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It is also useful to state the thermodynamic result that the 
change of temperature m adiabatic expansion is given by the 
relation 


^0" 


(16) 



77 Modification of the theorem of Bernoulli for 
compressible flmds.-~Sup|Xtoe 
that in a ehort time i the maas 
AB comes to A^B' I-.et P„ 
v„ Gi, V„ Tj, be the pressure, 
section, velocity, weight per 
cubic foot, volume per pound, 
and absolute tempemture at A 
Let Pj, Wj, V., Gj, Vj be the 
eame quantities at B The 
motion being steady, the ueight 
of fluid passing A and Ti in a 
given tune must be the sjino If IV is the lioiv m pounds per 


Fig 


If Sj, r, are the heights of A and 1» alnn* ihi ditum plane, 
the worh of gr.iMi} iv 

Gjo»jfj( I - j - 'J U }M per ecr 

The uorh of the jiressurv'- »'»i tin skuoU' »t A auil II is 
P,io,fj T " ~ h per ser 
The uorA of 


}‘A \\l ft U« jtr ^ 


The change of knn la « n* u' '' th« tlill mi * i>f jh* * nerg} of 
tv lbs. cuterin.' at A md U U^^ b iviiu it Jt Ihit r-, 


>\ 


1 ft lb- { t 


Equitmg the work dont l«* iht <jf kmeta. t-Strgj and 

for euuphcUj dmdiu/ hi tV 
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2 " -t- ^ - ^2 -I TT — ^2^ ^ ‘^l ” 

^ -2 ^ G, ^ ^ ^ 


( 17 ) 


An expression similar to that for liquids, except that the ivork 
of expansion U appears Tho result may be stated thus the 
total head at A, plus the work of expansion between A 
and B, la equal to the total head at B Since A and B are 
any two points, it may be said that the total head along a 
stream line increases by the work of expansion (or decreases 
by the work of compression) to that point If difierenco of 
level 19 neglected and the expansion is adiabatic, eq (14), 


I P p 

J Yl s U + ^ - + P V -P V 




. ( 18 ) 


78 Flow of compressible fluids from onfices when 
the variation of density is taken into account — ^Wlien tho 
flow IS due to pressure diflerences which are not small com- 
pared with the absolute pressures zn tlie fluid, tho Mork of 
expansion is not uegbgiblc Suppose the fluid llomng from 
a point in a reservoir where the pressure is Pj, and ^^IlC^c it 
18 sensibli' at rest, through an orifice into a spice wliero tlio 
pressure is I’j, and where it has acquired tho \elocity Im 
N eglecting any difiercnce of Icicl, and introducing a coeflicicnt 
oficlocit} to allow for the resistance of the orifice, from 
cq (18), 

••.=^.y[=7^r.v.(i-A)] • (>») 

Approximate equations — ^^Vhcn the prcsatiro diiLrcnco 
js small, let 5 = (P, — so that p = P;/P, = 1 “ where 

S is a small fraction 


yzl 


7 7 ‘*1 
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Then eq (19) becomes 

} (20). 

the approximate equation previouslj obtained on the as'^ump- 
tioa that the fluid could be treated ns incompressible for small 
pressure differences. A closer nppro'^im'ition is obtained by 
tiling another term m the expansion of 





(21). 

1 ' “/* 1 ' 

an equation given by Grasbof 

Weight of fluid discharged from an onfice — Let w 
w the area of the orifice, and the coefficient of contraction 
Pj Yj be the pressure and lolumo per pound m the 
ic«enoir, Pj, Y, the same quantities in the space mto which 
the fluid 13 discharged. Let r be the volume and p the pres 
8urc ratio of expansion in the stream issuing from the orificsr 
bo Volume discharged per second, reckoned at the lower 
1 ressure, is 

, , , Q, « CfVM cubic feet, 

md the weight is 




: lbs per second 

' 2 


I^ut Vj - putting c = 

w 


But 


bj eq (18) 
■LJ 

PjLliLlI 

J 


V 




(22) 


this is a niaximuiu when P./P, =p i« 
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wIucU may be called the critical pressure ratio If ^ k: j 4, as 
for air, the discharge is greatest for ,& >= 0 52S The iiniiiimiii 
discharge, piittmg in the value of p just found is 


and for y=s 1 4 this becomes 

Btfti ~ 3 SSoCia 


the external pressure being then n bttlc wore t(nn Inlf 
the pressure m the resenoir AVhen is less than the 
critical ^alue of the pressure ratio or in other ^vouJs if I\ la 
greater than ^Pg the ueiglit of fluid di«chargcd dimirnshc'' n 
result uhich is paridoxital and extremely improbable It 
must therefore be inquired if there is niij defect in the 
reasoning TJicrc is one assumption MJncIi is unverified, 
namelr, that the expansion is completed at tlic contricted 
section of the jet, and tiwt the pressuro at that section is P- 
Experiments, first made bp 3Ir 
E JD Napier with steam showed 
that for P- Pj Ic'S than ^ the 
prc‘»')Uro at llic contruclod section 
wos greater than tlic external 
pressure P. and tlint Ifio fluid 
continued to expud after the 
conirncteil section was passo^i. 
Hence the section at which tbe 
fs, jinsauw ja P5 is a section grv \U r 

than and mij (»cn dir 

than the area of llie onficc. The jtt when P./Jh is h'v*' th^^i 
tahea a form like that shown in 1 ig 82 
The centrifugal force of the uirved tlenientarj f-tn tm? 
near iJie contricUal section makes the unm pn ''tiro thin. 
grtaUr than Pj- }vx|»enincnt p1io\\h futlhor llial whin 
Pjd\ js le-^s than ^ the diH.hiri.^v' is fmmd bj sid “titiitirin 
4 >Vi for P- in the pmril tq (22). Ihncc for ffteh 
th» divlnrgo 11 found In «sjn^ tij (24) in*t« 1 1 of c(j (22'' 
Discharge of air from oriflecs^ — I*»r air, t t »f‘d 
^»0*>28 Two ci« s orcur (n) ^\h^n P, !’> 1^ 
thm ^ ond putting p f'r V-^Pj 
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(25) 

(b) 'VMien r 2 /Pj is less than 


W=3 885c<. 

(26a) 


li appears that for sharp-edged circular oriBces, c = 0 64 , 
for short cylindrical mout^ieces without rounding at the 
inner edge, c = 0 81 to 0 83 , for short conoidal mouthpieces, 
c = 0 97 , and for coned blast nozzles, c = 0 86 

The discharge of steam under great differences of pressure 
IS complicated by variations of wetness in the steam and 
other circumstances Careful experiments by Mr Eosenham 
ore described in Ftoc Inst Civil Enginetrs, cxl 199 For 
dry steam and P^/P, less than 

IVsO 1995Ce<i»P|®'’” lbs nearly , (26), 

or, what is the form of the equation more genenlly given, 

W = (25h). 

where V, is the specific \olume of the steam at the 
pressure Pj 
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79 "When a liquid flows in contact with a solid surface, or 
when a sohd of shipshape form moves m a liquid at lest, 
there is a resistance to motion which is termed Jlutd friction, 
though It IS wholly diflerent in character from the friction of 
solids At very low velocities the motions of the fluid near 
the solid may be stream line motions, and the resistance is 
due to the shearing action of filaments moving with different 
velocities Such conditions hardly ever obtain in cases of 
practical interest to the engineer Whenever the velocity is 
not very small, eddies are generated which absorb energy 
afterwards dissipated in consequence of the viscosity of the 
fluid The frictional resistance in this case is measured by 
the momentum imparted to the water in unit time \\hen a 
solid moves in still water, or abstracted from the motion of 
translation and dissipated when a current flows over a surface 

The laws of fluid friction may be stated thus — 

(1) The frictional resistance is independent of the pressure 
in the fluid. 

(2) Under certain restrictions to be stated presently the 
frictional resistance is proportional to the area of the immersed 
surface 

(3) At very low velocities the factional resistance is pro- 
portional to the velocity of the fluid relatively to the surface 
At all velocities above a certain cntical value depending on 
the general conditions, that is, m all cases in which the motion 
of the fluid IS turbulent, the factional resistance is nearly 
proportional to the square of the velocity 

Also in cases where the motion is turbulent — 

182 
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(4) The fnclioinl rc®i«tincc incrcvcs very npidly witli 
the rouchncvs of the foIkI Furfnee. 

(5) The frictional rc«i«tancc is proportional to the density 
of the fluid. 

The'se laws can be expressed mathematically for the ca'c 
of turbulent motion in this way Suppo«c n thin board of 
total area w, wholly immcr^, to move through a fluid at 
rc«t with a aclocity r Let f be the fnctional resistance 
reckoned per square foot of the surficc at a aelocity of one 
foot per second. Tlien the total resistance of the board is 
K=/wr*lb3 (1), 

where / IS a constant for a gi\cn quality of surface and a 
fluid of gaacn density It is conxenicnt to express this m 
another way Let f = {2^/)/G, where f is termed the 
coefficient of fnction Then 

R=fG»^lb! (!) 

As the board moa cs through the fluid the resistance is 
oaercomc through a distance of v feet per second Hence 
the work expended in oaercoming friction is 

fS 

U ® ft lbs per sec (3) 

The following are aacrage values of the coefficient of 
friction for water, obtained from expenments on large plane 
surfaces moved in an indefinitely lai^ mass of water — 




Fnctional 


CoeCclest 

Resistance in 


of Fneboa 

lbs. per 



gnnare fewt 




J*ew well painted iron plate 

•0048D 

•00473 

Painted and planed plank (Beaaf<^) 

■00350 

■0033D 

Scrface of iron ships (Rankine) 

■00362 

■00351 

Varnished &nrla(» (Fronde) 

■00258 

00250 

Fine sand surface t 

•00418 

■00405 

Coarser sand surface , 

■00503 

-00488 


80 Mr Fronde’s experiments — The most valuable direct 
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experiments on fluid friction are those earned out bjr Sir 
Troude at Torquay' The method adopted wag to to^v a tJiin 
board in a still water canal, the relocity and resistance being 
simultaneously recorded The boards were genenlJy 3/1 G inch 
thick and 19 inches deep, with a sharp cutwater, and from 
1 to 50 feet in length The boards were covered with various 
substances, such as paint, vamish, tinfoil, sand, etc , to deter- 
mine the influence of different roughnesses of surface The 
results obtained by 3fr Proude may he eummirised as 
follows — 

(1) The friction per square foot of surface vanes very 
greatly for different surfaces, being generally greater as the 
sensible roughness of the surface is greater Thus, when the 
surface of the board was covered as mentioned below, the 
resistance for boards 5 0 feet long, at 1 0 feet per second, was — 


Tmfoil or vanuflh 
Calico 
Fine sand 
Coarser saod 


0 25 lb per square foot 

047 „ „ , 

0 405 „ , „ 

0 466 „ „ „ 


(2) The power of the velocity to whicli the fnction is 
proportional vanes for different surfaces. Thus, with short 
boards 2 feet long — 

For hofoil the resistaoco varied flJ 

For rough «ur/icc3 „ „ v*"® 


With boards 50 feet long — 

For ranuah or ttahii the rveistoaco varied as i’® 
For sand »> « 


(3) The average resistance per square foot of surfaco wai 
much greater for short than for long boards, or, what is the 
same tiling, the resistance per square foot nt the forwvivl put 
of tho board was greater than the friction per sqmro foot of 
portions more sternward Thus nt 10 feet i>cr second 

VffM n,*I»UDcelnll«- 
ptr fi-itfare loot 

Vamuhed surface 2 fret Jong 0 4 1 

M .. 

I-inc eancl ^urfico 2 „ ^ ^ * 

60 , 0 405 

* /n uV 1875 
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This remarkable result is explained thus by Mr Froude 
“ The portion of surface that goes first m the line of motion, 
in experiencing resistance from the water, must in turn com- 
municate motion to the \7ater m the direction in which it is 
itself travelling Consequently, the portion of surface which 
succeeds the first will be rubbing, not against stationary water, 
but against v\ater partially moamg in its own direction, and 
cannot therefore experience so much resistance from it ” 

The following table gives a general statement of the 
numerical values obtained by Mr Froude In all the experi- 
ments in this table the boards had a fine cutwater and a fine 
stern end or run, so that the resistance was entirely due to 
the surface The table giaes the resistance per square foot 
in pounds, at the standard speed of 600 feet per minute, and 
the power of the speed to which the friction is proportional, 
so that the resistance at other speeds is easily calculated 
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experiments on fluid fnotion are those carried out JVIr 
Froude at Torquay^ The method adopted was to tow a thin 
board in a still water canal, the velocity and resistance being 
simultaneously recorded. The boards were generally 3/16 inch 
thick and 19 inches deep, with a sharp cutwater, and from 
1 to 5 0 feet in length The boards were covered with various 
substances, such as paint, varnish, tinfoil, sand, etc., to deter- 
mine the influence of diflerent roughnesses of surface The 
results obtained by Afr Froude may be summarised as 
follows • — 

(1) The friction per square foot of surface vanes very 
greatly for different surfaces, being generally greater as the 
seneible roughness of the surface is greater Thus, when the 
surface of the board was covered as mentioned below, the 
resistance for boards 50 feet long, at 1 0 feet per second, was — 


Tmfoil OP varnish 
Calico 
Fine sand 
Coarser sand 


0 25 lb per square foot 

0 47 „ „ „ 

0 405 „ „ „ 

048S „ ,, „ 


(2) The power of the velocity to which the fnction is 
proportional varies for different surfaces. Thus, with ehort 
boards 2 feet long — 

For tinfoil the resistance vaned as v* 

For rough surfaces „ ,, v®“ 


With boards 50 feet long — 

For ranush or tinfoil the resistance varied as v*** 
For sand „ »> 


(3) The average reaiatanco per square foot of surface was 
much greater for short than for long boards , or, what is the 
same thing, the resistance per square foot at the forward par 
of the board was greater than the fnctwn per square foot ol 
portions more sternward Thus, at 10 feet per second — ' 


Vormshed surface 
»» >* 
Fine sand surface 


Jllean Rc«f»tance In 
per Squire Foot 


2 ftct long 041 

GO n 

2 t, 

60 „ 0 405 


£netiAJssociaeimJ*ei<»-/s IBTS 
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This rcnnrhshic ^><1111 is cxplnincil thus bj Mr rrondc* 
"The portion of purfneo Ihit goes fir>t in the lino of motion, 
in experiencing ro«i«it'vncc from the water, mii't in turn com- 
inunicstc motion to the water in the direction in which it is 
il^clf tinselling Coii'oquently, the portion of surfico sshich 
succeeds the first will be rubbing, not ngiinst stitioinrj water, 
but ngninst water partnll} inosiiig m its own direction, and 
cannot therefore cx|>cricncc so tnudi resistance from it ’ 

The following table gnes a gcncnl statement of the 
numerical salues ohUnned by Mr 1 roude In all the experi- 
ments in this table the boards bad a fine cutwater and a fine 
stern end or run, so that the resistance was entirely duo to 
the surface. The table giacs the resistance per square foot 
in pounds, at the standard speed of COO feet per minute, and 
the power of the speed to which the friction is proportional, 
so that the resistance at otlicr speeds is easily calculated 


Length of Sarfsce or DliUace from Cntwatcr, la Feet. 
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whether the friction is supposed to dimmish at the same nti. 
or not to dinnmsh at alL If the deca'ease of friction stem 
wards is due to the generation of a current occompiii} iiig the 
monng plane, there is not at first sight anj* rea«!Oii ivhj* tlie 
decrease should not he greater than that shonn hj* the c\pcrj 
ments The current accompanying the board might be a«smued 
to gam in i;olume and lelocitj stemvrards till the \clocit} 
was nearly the same as that of the moMUg plane and the 
friction per square foot nearly ^ero That this docs not 
happen appears to bo due to the mining up of the current 
with the stiU water surrounding it Part of tlio iTOter in 
contact wth the board at anj point, and recemng cnerg) of 
motion from it passes afterwards to distant regions of still 
water, and portions of still water arc fed m towards the 
board to take Us place In the foruard part of tlic hoanl 
more kinetic energj is given to the current than is diffused 
into surrounding space and the current gains in aclocit) 
At a greater distance back there is on approTimato balance 
between the energy communicated to t)ie water nad that 
diffused The 'clocity of the current accompanjing the hoinl 
becomes constant or nearly constant, and the friction jicr 
square foot is therefore nearly constnnt also 

Si Fnctiou of discs rotated m water — In many 
hydraulic inachiues turbine** and centrifugal ptini]''* surfaces 
rotate m water and the friction is an irnjwlant cau«o of lo'S 
of energy A di«!c rotated in water is airtinll) asurficoof 
indcfimte length in the direction of motion and expcnincnt'^ 
earned out in this waj bj the author, Froc Inst Cnil }nr} 

IxTT 1886 permitted considerable annntion of the condition® 

Pig 83 shows n section of the apparatus. It consisted rf 
n wooden frame on winch was jiaced a cast iron ci‘>fern C 
A cast iron bracket P at the top of the fnmo carried a ihwt 
arme<i cro'^shcad Ih from which an inner cistcni A A wa^ I’U* 
jK-nded b) three fine wines. Ihe trosshead could Ic ndjU'bA 
to nna position and clamjH.<I bji the nut o Adju"tin,. 
screws in the arms of the cro«*hcad |>cnnitlcd the ci5t«rn AA 
to U IcctUcd The which were to Ix rotated in wahr 

wtre 10 16 and 20 inch<s»liamctcr, one is shown in I'o-itw i 

nt 1)1) 1 c^ed on a vertical shift This shaft wai nnln-*l 
on conical ends ntni driain ha a catgut i*• 1 nd running m 
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very little play round tbe gun-metal support of the spindle. 
Above the disc was a flat cover EE parallel to the flat bottom 
of the cistern. The height of the chamber in which the 
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disc revolved could be varied, the disc being always placed in 
the centre of the chamber. A thick india-rubber ring bolted 
round the cover EE made a water-tight connection with the 
cylinder. 

• To measure the friction of the disc, the reaction tending 
to turn the cistern AA was measured, for the reaction on the 
chamber must be equal and opposite to the effort required to 
turn the disc. To the suspended cylinder was attached an 
index-finger moving over a graduated scale. This was adjusted 
to aero when the apparatus was at rest. When the disc 



Fifr. S4. 


rotates, the copper cylinder tends to rotate in the same 
direction. To measure the eflbrt to rotate which is equal to 
the effort turning the disc, a fine silk cord attached to an arc 
on the cistern was carried over the pulley e to a scale-pan G. 
Weights in the scale-pan balanced the friction and kept the 
index at zero. TJie rotations were obsen'cd by timing tho 
rotations of the worm-wheel W by » chronograph. A c ip 
brake IC on the shaft was useful in adjusting the speed. 

Pig. 84 shows ft plotting of one set of results on brass 
discs of three sizes. It will bo seen that tlio obsei^’ations 
plot in quite regular cun'es. The three upper cun’cs are for 
a 20-inch disc of polished brass urith 1^. 3, and 0-iuch spaces 
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between the disc and the flat ends of the cistern The resist- 
ance diminishes a little as the spaces are narrower The 
other cur\es are for a 15 inch and 10-mch disc of brass 

82 Theoretical expression for the friction of a disc 
rotating in liquid — Let it be supposed that the general 
law of fluid friction whicli applies to large plane surfaces 
moved uniformly in water may be used to determine the 
friction of a disc That is, supposing w to be the area of 
any small portion of the disc moving with the velocity d, let 
it be assumed that the friction of that portion of the surface is 
/a)v”, where / 13 a constant differing for different surfaces, 
and n a constant which at the velocities used in these experi- 
ments does not differ greatly from 2 

Let o be the angular velocity of rotation, R the radius of 
the disc. Consider a nng of the surface between the radn r 
and r-fdr Its area is ^-mdr, its velocity is ar, and the 
friction of this portion of the surface is therefore, on the 
assumption above, 

/ X 2rrrfr X o"r" 

The moment of the friction of the nng about the axis of 
rotation is then 

2r-a"/r"+Vr, 

and the total moment of fiiction for the two sides of the disc 
is then 

.R 

M = 4n^"/I r"+Vr 

fl 

« + 3 ' 


If N IS the number of rotations per second since a = 27-X 

(•t) 


On+t—n+lK" 


The work expended m rotating the di«c is in ft -lbs per sec.’ 


* IfnsC from Trbich }t never diffm mneh, this fonnuU Incomes 
VV otI. espendej in friction =623/2»*r* ft. lbs. i^r »ec , 
where /T»nes from 0 002 to O'OOS for ordinanl}* rough eurfeees *nJ itereise* 
to OOD? for the rough turfice of a nictAl dbc covered with coAr»e tand. 
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n -n ^ cmarAs 

^ ^'ater a I,ttIo coloured 4 ir * 

coloured ^ not qu.te clea 

■ine surface of the foiT/,— 

1 12 seemed to 


. ““luersion 


^Vater a little 
a iittle during 
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o^ RoTATI^Q Discs 


iliehMt 

Mean 


Mean 

Friction per 





talue of e 

Square Foot 


notations 

n for each 

talie 

corrected 

at 10 Feet 



kind of 

off 

toeo 

per Second 


Second 

Surface. 


labr 

■9/ 10* 


5 875 

1 85 

0 1102 

0 1089 

0 2018 


4 501 


0 1149 

0 1130 

0 2093 


5 531 

,, 

0 1256 

0 1211 

0 2299 


4 686 

1 86 

0 1169 

0 1170 

0 2182 


5 382 

,, 

0 1212 

0 1215 

0 2321 


5 112 

„ 

0 1329 

0 1326 

0 2173 


4 892 

1 91 

0 1106 

0 1103 

0-2200 


5 470 

,, 

0 1160 

0 1169 

0-2331 


4-237 

2-06 

0-0975 

0 0986 

0-2167 


5 ICO 

1 86 





5 010 

2-00 

0 1029 

0 1017 

0-2129 


5 321 

,, 

0 1101 

0 1095 

0 2273 


4 090 

,, 

0 1176 

0 1162 

0-2432 


4 456 

2 05 

0 1572 

0 1557 

oso^s 


S 300 

1 91 

0 3001 

0 3019 

0 5S74 


3 COl 


0 3261 

0 3277 

0 6376 


3 655 

M 

0 36'8 

0 3676 

0 7153 


4 501 

1 95 

0 1149 

0 1130 

0 20*13 

Cliainbrr clean 

4 075 

1 05 

0 1235 

0 1212 

0-2136 

Chsnil er eoate*! n ith ronRh aao 1 

3 001 

1-91 

0 3201 

0-3277 

0 6376 

Cl amber clean 

2 735 

2 17 

0 3381 

0 3325 


Cl an ber cot erc<} with coar>e eati 1 

4 501 

1 £5 

0 1149 

0 1130 

O.0'‘3 

\ 

7 50? 


0 0321 

0 0326 


jnianictcf Tarud 

7 M9 

M 

o-oois 

o-oois 


/ 

5-C68 

1 85 

0 1215 


0-22^1 

) Tmijieraturc rarir<l In li n 

5 C30 






5 133 

.. 

0 1003 


0 18- • 


4 501 

1 «5 

0 114s 

0 11:0 

O'. 3 

ll water 

4 708 

1‘OJ 

0 119.f 


0 . c« 

In uruj*. ej ^.r It--! 


/ fmATl$ 

IP, IP Tl i> to) at 1 Im tln*n c*f ll r cl ar btr *cr» »il} co*r»c m: 1. 1 
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Results of Etperime.vt 

Npfflbe 

ofEjper 

^ Nature of Disc and BnrCice 

\ frtiia 
lUdlns 
Disc 

TJiicknessj 

1 oftVater iTeiDpei 
of Space on j tnro 
each side Fihr 
of Disc 

Lowed 
ra Speed In 
notation: 

per 

Second 

1 

2 

3 

4 

6 

7 

8 

9 

10 

11 

12 

13 1 

14 

15 

18 

ir 

Clean polished brass 

Painted cast iron 

Painted and varnished east iron 
Tallotved brass ’ ” 

Cast iron 

1 covered mth fine sand 

” »• »» coarse sand 1 

Pool 
0 84Sf 

locbes 1 • 

! li 65 0 

3 53 0 

6 65-0 

H cofi 

s 61 0 

6 59 0 

5 59 0 

6 63 0 

S 64 5 

3 67-0 

IJ 55 0 

5 64 0 

6 65 0 

'3 66 5 1 

1} 62 5 

3 62 0 

C 1 G2 0 ( 

1 425 
r459 

I 415 

1 3S0 

1 3S5 

1 787 

1 449 
1469 

1 959 

I <>50 
1440 
1419 

1 409 

1 1541 
' 1 146 

1 JI3 
13S7 

2 

18 

16 

19 

Clean polished brass j 

Cast iron covered mth coarse sand I 

0 848S 

3 63 0 

3 52 0 

3 62 0 

3i 1 63 0 1 

1459 

1 785 

1 113 

1 0«6 

20 

Clean polished brass 

0 8488 1 

3 63 0 

1 459 

21 

" " 

0 6J53 

3 62 0 

SSI6 

- " 

0 4320 

3 1 64 0 

5 •230 

22 ( 

-Jean polished Lra^s , 

0 64SS 

3 41 2 

1 935 

J3 

” ’ 

, 

3 63 -0 

I 459 

24 

’ ’• 


3 70 4 ; 

1 *>34 , 


» 


3 1 130 5 

>81^ 


lean polished br-iss 0 

>8488 

3 53 0 1 

3 1 69 5 1 

459 1 

3'3 1 


remarks 

‘ ''Soured'*'” ^ lUtrr not quite clear f. Water a I.ttle 

^ tallon on tho disc Bccmed to alter a little dunr? 

ii’ 1?’ * Idtle ruitj 

'^1 **!** Jea'i and «arn{sli, and covered nith fne »tn 1 

\ <; Irt i r e “* •’»»'*«■ *t®n® 

'.r II I tlieeanl Terr C 04 r''e,anl inixcl nflh 

*'11311 Krai el |<eblles. ' 
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o^ Rotating Discs 



niKii'st 




rnction per 




\4lue of 

llean 


Square Font 




1 for each 

\al le 


at ID Feet 




kind of 

of e 

to 60 

per Second 



Socood 

Surface. 


Fihr 

»/lD« 



5 875 

1 85 

0 1102 

0 1089 

0 2016 



4 501 


01149 

0 1130 

0 2093 



S 531 

l’86 

0 1250 

0 1241 

0 2299 



4 68G 

0 1169 

0 1170 

0 2182 



6 382 


0 1242 

0 1245 

0-2321 



5112 

, 

0 1323 

0 1326 

0-2473 



4 892 

1 94 

0 1100 

0 1103 

0-2200 



6 470 

2^6 

0 1160 

0 1169 

0-2331 



4 237 

0 0975 

0 09S6 

0 2167 



6 160 

1 80 






6-010 

2 00 

0 1029 

0 1017 

0 2129 



6-821 

,, 

0 1101 

0 1085 

0 2273 



4 090 


0 1176 

0 1162 

0-2432 



4 450 

2 05 

0 1572 

0 1557 

0S3‘>5 



3 800 

191 

0 3004 

0 3019 

0 5874 



s-coi 


0 3201 

0 3277 

0 0376 



8 u55 

I. 

0 3658 

0 3076 

0 7163 



4 501 

1 «5 



0 2v‘>3 

Ci»fnl>er clean 


4 •'>76 

1 05 



0-2130 

Clianii rr coatnl uitL roiiRli wn 1 


3-004 

191 

0 3201 


0 0370 

Cl anilxr clean 


2 735 

2 17 

0 3381 

0 3325 

o;««o 

Cl an Ut roicfol rjlh coarie 1 


4 501 

1 85 

0 1149 

0 1130 

1 ©.O'*! 

IDianieter vanid 


7 5'‘8 


0 0324 

0 0320 



7 849 

.< 

0 OOlS 

0-0048 

1 

( 


5-CCS 

4 '01 

6 CIO 

1 85 

0 1215 

0 114'> 
0 1112 


0-22.- 
0-21 -* 

0 2i>61 

|Tcnij>crature ranrl Irit n 

r I"* r r-juirc f "ot n rrrrtf 1 f r 




0 lOOJ 


0 185* 


4 :oi 

1 ‘5 

0 Hi** 


0-2 3 

In «atrr 

4 :os 

1 <'i 

0 1195 


0-2 61 

h uruj ij t-T 1-v^l 


/ tvi«rl$ 

1 F, IP Tl f tpj »i I U tto*n cf tl e ♦! ■r •fr» 
t 1 f «luc in f *J>rnr fct* It If I” 
n TtrihKCWki* ►MlrpTri^T 
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0 »+S^+ 2 V«+l 


( 6 ) 


The e\periments give dmectlv the moment of friction M 
corresponding to any speed for each disc. But for aaj 
gucu disc 

Ar = rX« ( 6 ), 

where c is n constant. Hence for nnj* pairs of \alues of 
and X obt uned in the experiments on a given disc. 


log M.-loffM. 
log^',-logX, 


( 7 ) 


Tlio mean viluo of « thus obtained is given for each of the 
siiifuts tiled ^^^len the mean value of n has been obtained 
froux jKxirsi of rt.'c>ults in winch the speed was different, ralues 
of c for x ich ^petd were obtained bp the formula 


log c - log M - ri log X, 


and tho mo in v’llucs of e thus found arc given in the table 
1*10 The nlius of n for difilrent pairs of speeds never 
\ ukhI \erj grcitl^ for anp given disc in hhe conditions, 
uoi did the \*alucs of c rxrv greatJp for different speeds 
Ihirilur tlio nnuicn'i from the mean x’alue followed no 
rxguhr Ixw, •^o tint thep map bo altnbnted to errors of 
men or to uuuoidible small fluctuations of qieed 


during tho olv-orrUion^ 

111 tho fonuulis aKnc / is the friction per square foot at 
unit wKxiU, but for an\ gixen hind of surface in hbe 
Cvuuhlion> 




(8) 


Varntion of resistance vritli diameter of disc. — -Three 
M'ta v^^ o\}\riu\eut'’ with di«os. 0$4SS, 0 6353, and 0 4320 
tvH'l \ iitu il ruhuv, ivt iting in the sjime chamber of fixed size, 
gwo inouu'ut'' of nsi^tnnco in the ratio* 

1 0 o-o<e 5 . 

or U'r vlv-x-s c\f difforont dianicter* in a chaml’er of constant 
M*a' tho risi'-timv a', the (n-f-2S2)lh power of the 
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radius. The theoretical formula abo^o (4) is strictly applicable 
to discs m chambers the linear dimensions of which are pro- 
portional to the diameter of the disc, in Mliich case the 
resistances are as the (n-f 3)th power of the radius The 
difference of the two cases is not aery great, and is consistent 
with the experimental result that the resistance with a given 
disc IS greater as the chamber is larger 

Influence of temperature on the resistance — The 
four results with a bright brass disc, experiments 2, 22, 23, 
and 24, show that the fnction diminishes with unexpected 
rapidity ns the temperature increases. The diminution is 
sensible even for a few degrees difference of temperature, and 
hence it appears that a correction for temperature ought to 
be introduced in experiments on the flow of water in pipes 
and channels. The diminution between 41“ and 130“ Fahr 
is about 18 per cent, or 1 per cent for 5“ increase of 
temperature 

The experiments were not numerous enough to determine 
exactly the law of variation of friction vrith temperature, and the 
apparatus was not adapted for securing a constant temperature 
during a prolonged expenment The results agree fairly with 
the empirical formula 

f( = 0 1328(1-0 00210 (9), 

where c, is the value of c for a bright brass disc at the 
temperature C 

In the experiments 1 to 17 the temperature varied in 
different instances from 53“ to 62“ The factor 

1 - 0 0 021 X 

i - 0 00211 

has been used to reduce the values of c to a standard tempera- 
ture of 60“ The correction is in any case small and does 
not affect the conclusions dravvn from the results 

Influence of roughness of surface — The results of the 
experiments are altogether in accord with those of Mr Froude 
as to the influence of the roughness of the surface Even the 
numerical values of the fnctional resistance obtamed in these 
experiments differ very bttle from tliose obtamed by him for 



IirDBAUUCS „„ 

hag smSaces. Jakmg Mr Troupe's rcsuJfs for phn!.s 50 fat 
long, and comparing them with those ohtamccl in the present 
expenments, the resistances in pounds per sqimro foot at 
10 feet per second are 


Mn. PnooDEs 

EsrElUJIEMS 

Tinfoil surface 

0•S^5 

Varuish 

0 22C 

I me Mnd 

0337 

3fcdmm san I 

04SC 


PilESEVT Eir^BUIENTS. 
Bright brass 0-202 to OSSO 

Vartusli 0 220 „ 0 233 

IincMnd 0339 

Verj coarc fianJ 0 587 , 0 715 


Power of the velocity to which resistance is pro 
portioaal — Tliero is in this nho a romftrknhlQ npvcincnt 
between the present expernnents and thoso of >Ir Iroiide 
Tor tho smoother surfaces the resi‘5tflnco \arie3 as the 1 SJtli 
power of tho velocit} , for the rougher surfaces ns a power 
of tho \olocit 3 ringing from 1 0 to 2 1 iMr 1 romlo’s results 
are precisely tho same 

Influence of tho size of chamber on the resistance — 
In all theso exponments without a single exception, th£^ 
friction of the di<>c increased when tho chfiml)cr in which it 
rotated wis made larger Tlio author is disposed to nltriltde 
tins to the stilling of tho e<ldics hj tho surface of tho staliomr) 
chfimbi.r Tho stilled water is fid Kich to tho surf ice of the 
di'Sc and hence the friction dq>cnds Hot onJj on its oirn surf 
but on that of the open clninbcr m which it rolnti« Tl»c 
di'cs Wire rotated in clnml»er9 0, and 12 niches dtip aul 
tho surfaces of the-e chambtrs ivould In, about 1000 1200. 
and IGOO I- pure inchta. In tho larger chunl'orH the him lie 
tnerg) of the water ina> he siip|»o«isf to k luorL n«pihf 
destroyed thin in tho srimner, in con^cfjtuuci of thi Iw}, f 
am of slnlionar) surface Tho water I'Oing uinro n> 
fitiihd and tho i'tilli’«J wofer ftd Inch to tho di c tn gn il r 
qu'lutlt^ till rc^i^iancc of the diBC n nu.m» t) 

Effect of roughening tho enrfnco of tho chamber — fw 
cxjxnuiints Jb and JO the n/fwr and lowir rurfifisif tl« 
cIiirnlK*r wtrt co\cnd with cixirr rind J m^h nni.J tl'* 
surfice of the chiuiliir nnt«n»ih incrti**!! tht fn M n *1 
iIk d\f<’ This nil) l« txlIiiiiM in psi'h tin mi '•wir 
n’* imrii»' of fniliou <lo lo imhi'ing th if ' 

rbi' ill r 
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Problems 

1 The resistance of a ship la 1 lb per square foot of immersed surface 

at 10 knots. Find the ILP required to drive a ship having 
8000 square feet of immeised surface at 16 knots. One knot 
= 6086 feet per hour 829-0 

2 The disc shaped covers of a centnfugal pump are 2 feet diameter 

outside and 1 foot diameter inside Find the work expended 
m friction in rotating the pump at 360 revolutions per minute 
/= 0-0025, and ne=2 326 fL-lba. per second 


10 



CHAPTER Yin 


FLOW IN PIPES 

83 Non sinuous motion of water. — ^When water from a 
reservoir which has been at rest long enough for eddies to die 
out issues from a sharp-edged orifice, the stream is perfectly 
clear and smooth on the eurface even at high velocities Any 
disturbance of the water in the reservoir shows itself m 
striation of the jet due to the presence of eddies disturbing 
the stream-line motion m the jet The jet from a cyhndncal 
mouthpiece is always troubled from the formation of eddies 
at the inner edge In capillary tubes, which have been 
experimented on by Poisseuille and others, the motion is 
generally non-sinuous and free from eddies up to considerable 
velocities But in ordinary watei mams the motion is gener- 
ally sinuous and turbulent 

Professor Osborne Reynolds in\estigated the conditions m 
which sinuous and non sinuous motion occurred lu pipes 
{Trans Boy Soc 1884) A steady stream of water was set 
up through a glass tube with a flared mouth so that there 
was no inlet disturbance Into the stream a small jet of 
coloured liquid was introduced- 

So long as the velocity was low enough the coloured uater 
showed as a straight undisturbed stream lino flowing through 
the tube mth the other water If the velocity was raise 
there came a point at which the coloured hquid suddenly 
mingled with the rest of the water, and on viewing the water 
by an electric spark it was seen that the water contained a 
ma^s of more or less distinct coloured curls or eddies. IVit i 
water at constant temperature and the tank as still aa possib c 
the critical velocity at which the stream lines broke up an 
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eddies %\ere formed ^arled almost exactly imcrscly as the 
diameter of the pipe and directly as tlie viscosity Very small 
disturbing causes, such as a disturbance of the water in the 
tank or fine sediment in the water, caused the break-up to 
occur at lower velocities Hence the critical velocity deter- 
mined in this way is the higher limit of stable stream-line 
flow in pipes The coefficient of viscosity for water decreases 
as the tempenture rises, and is given by the equation 
0017 

'' 1 + 0 034/ + 0 00023i^ ' 

Vrhere t is the temperature centigrade The denominator of 
this fraction may be termed the relative fluidity, and will be 
denoted by/ 

The higher critical velocity as determmed by Osborne 
Reynolds by the colour-band method is given by the equation 

= 0 2458 ^ ft per sec (2), 

where d is the diameter of the pipe m feet 

Hiouer Critical Velocitt 

its ^ I l4 2 inches 

d~ 0417 0833 IS50 1087 feet 

VcatO*Caa 6 90 2 95 197 147 ft per sec. 

Later experiments by Professor Coker, ilr Clement, and 
Mr Barnes have shown that under certain favourable con- 
ditions stream-line flow may subsist to considerably higher 
velocities than those observed by Reynolds, and tlirow a little 
doubt on the law that the higher critical telocity varies 
inversely as the diameter* 

In another senes of experiments Osborne Reynolds 
allowed water initially disturbed to flow through a long 
smooth pipe It was found tliat if the velocity was below a 
certain limit the disturbances died out in a short length of 
the pipe, and the motion then became non-sinuous. Measur- 
ing the resistance to flow in a length of the pipe beyond the 
disturbed part, it %vas found tliat wlien the motion was non- 
smuous the resistance \aried very exactly as the velocity, but 
* Tran^ Ho jal Soeuly, 1993 I^veeedtnys Hoyal Soextly, toL Ixxit. 
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that when the motion waa turbulent it Mincti aa thf’ 
i 72th power of the ^Uocit},or ncarlj na tht square of the 
aelocit} If the \elocjtj m the pijio js sloul^ inmnscd the 
point nt which the cddiea cease to die out and then, is a 
donation from the law that the resistance \ancs as the 
velocity can be observed, and this vclocit) maj be ttnnea! the 
louci critical volocifcj This also was found to vary inier'^tl^ 
os the diameter of the pipe and directly as the visco^ty 
The lower limit of critical velocit) found (>j Osborne Kc^noWs 
IS given bv the equation 


i< = 0 0387 ~ ft per see 


(Ca) 


Lowia CftiTicit ^^^Oc^Tr 

d>s ^ 1 1 ]( i icdiM 

rf OO-tr OOS33 0 J250 0 JCfT f-ct 

reftlOC- -928 4C5 110 232 fU jv.r *<?c. 

Later experiments bj Rrofcisor Coker ami Mr Clcnwat 
gave the rchitioii 

ft OOJ09 ft per fee (3^) 

/J 

or about half the valuts obtained b} Osborne Reynold'' Th 
reason of the diniienco Ims not been evplaincd 

It vvill be fctn that in souitV'hat wide limits hr fiavll 
pipe^ t!ic motion rnij Iw emuous or non-siniioiH hit ihit 
nlivL tin. lower limit ver) smaU ciu^sof disiurhinu mil r 
the rnoijoii turbnknt rractuall^ for the lirgir pij'^s mil 
the voJfKities with which an engiiaer hu'v to dt vl tla notion 
IS nlw IV s turbuitiiL 

I/t d Ik. tin dnmtter <»f a bonrmilal an I ; tl*' 

din* rviicc of irtisutv in a hnj,th / the vcIociM of (lov* wl a 
t!ic motion ti in rectihinar ^tr^. ini hnr4 n I' * '' 

rtlvlion 

, '•/'f (VI 

tTh^T*’ /* M in gnms p r r pun* mtinKtre nii ! 

nmt*. A WK * 1 ' rf nxerjienl f rni I'* tlii'c 1*“ * ' 

of j n « ire in n lorimntil p|* In a «li *v ^ 
t ifxn iff 1 in fr. { of h jtij J # f d'-ns Ir p 
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e ^ 1711 centimetre units, 
52150' ^*°^*^ foot units 


Taking for water p = 0 999 and for mercury p=13 6, then 
for h in feet of water 


«= 52100 -^ 


and for k in inches of mercury 


ti= 709250 


( 4 ) 


84 Practical theory of flow in pipes when the motion 
Is turbulent — In all ordinary cases with which the engineer 
has to deal, the water has m addition to its forward motion of 
translation a distributed eddjmg motion It is beyond hope 
to hate a theory which will give rationally the velocity of 
flow and discharge of pipes m such conditions It is not only 
that the eddying motion of the water is so complicated that 
in the strict sense there is no exact theory, but in addition 
one of the factors in any formula of flow must express the 
exact toughness of the surface of the pipe on which the 
production of eddies dependa There is no scientific measure 
of roughness, and very small apparent differences in the 
quality of the pipe surface cause considerable differences in 
the lesistancc 

Permissible velocities in pipes — Theoretically any given 
discharge can be obtained cither by larying the pipe diameter 
or the head producing velocity of flow, but practically the 
range of discharge for a given pipe is much hmited- If the 
velocity m the pipe is small it must be of large size and 
expensive If great, it is difBcult to obtain sufficient pressure 
m the distant parts of a district supplied, m hours of large 
consumption, and the risk to the mains from sudden variations 
of flow, causing what is termed hydraulic shock, is great A 
fair rough rule for pipes used in town's supply is the foUou 
ing Jjii V be the velocity m a pipe of diameter d (foot 
units) then 


45d+2 
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<2*=6 

D 

12 

18 

24 

30 inches 

*=05 

0 75 

1-0 

15 

2 

3 feet 

v = 27 

3 1 

34 

42 

4 9 

C 3 feet per second. 


Of course, cases occur wheie higher velocities can bo 
permitted In short supply pipes to turbines, velocities of 
7 to 10 feet per second are not unusual The reason for 
adopting somewhat lower velocities in small mains is tlwt 
otherwise the rate of fall of pressure would be excessive 

86 Steady flovr in pipes of uniform diameter — If a 
long pipe connects two reservoirs at different levels, water 
will flow from the upper to the lower, and the conditions 
being constant the velocity and rate of discharge wiU bo 
constant also Steady flow being estabhshed, since the water 
starts from rest and comes back to rest, the work of gravity 
on the descending water is exactly balanced by the work of 
the resistances, of which much tho largest is fluid friction. 
Let Q be the discliarge in cubic feet per second, H tho cro«s 
section and d the diameter of the pipe v tlie mem foniard 
velocity of the water 

QssClv^-d^v cubic feet per second (^) 


As the same quantity of water pisses ovciy section in 
unit time the velocity must bo the same, that is if v\o un er 
stand by v the mean velocity of translation olong the pipo 
In fact, the velocity is greater at the centre of tho cro=s 
section and less towaids the sides of tlio pipe, and on t ii3 
general condition eddying motions ore superposed Bat 
mean velocity along the pipe is constant and for sunp I 
the complications must be disregarded 

The Ohezy formula for flow in pipes— A very sirapj- 
theorv furnishes an approximate formula which has n 
very great semce in hydraulics, and which with “ 
values of experimental coe/ficicnts is still cnip oyc 
generally than any other m hj dnuhe cnlcuhtion^ ^^^ 
Tig 85 represent a short portion of a long pipo ^ 
wlildi water is stoidilx Honing TIjo ™ ‘ 

Icnes at tlie aimo %eIocitr. and consci]Ucnt!j tlio 
ctlcrnal forces must bo equal to tlje «orb in ou 
friction Let dl be the longti. of tl.c portion of pi 
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considered, z and z + dz the elevations of the end sections 
above any horizontal datum XX, p and p + dp the pressures 
at the ends, the area of cross section, ^ the circumference, 
and Q the discharge 
per second Then 
in passing through 
the length dl, GQ 
lbs of water descend 
a distance — dsfect, 
and the work of 
gravity la 

-GQd", 



a positive quantity 

if dz IS negative, and ^tce lersa The resultant pressure on 
the two ends in the direction of motion is — dp, and the work 
of this pressure is 

-Qdp, 


also positive if the pressure is decreasing along the pipe and 
dp 18 negative The only remaining force doing work on the 
water is the frictional resistance The area of the pipe surface 
18 j(dl, and using the expression obtained above [§ 79, cq (2)] 
and putting v for the velocity of the water the frictional 
work 18 


or, since Q = flv, 


-(Gxrff 


V 




a quantity always negative because it is work done against a 
resistance Adding these portions of work together and 
dividing by GQ, 




Integrating 




(C) 


Let A and B (Fig 86) be two sections at distances I, 
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from any given point, so that the length of pipe now con- 
sidered IS L = /g ” snd let be the pressure and elevation 
^2. fiie same quantities at B Then, if v is the mean 
velocity along the pipe, 


Sri((''*8)-(-.*5)); !’> 

If pressure columns are introduf^d at A and B, the water 



will rise to the levels C and D, such that AC^:^ and 
BD— It IS assumed that the atmosphenc pressure is the 

<jr 

same at G and D In a veiy long pipe this might not be the 
case Consequently 

DE = A=(=r,+g)-(^+§) m 

The quantity A is the difference of free surface-Jeiel at the 
two points of the pipe considered, and is termed the virtual 
fall of the pipe The quantity A/L w termed the virtual 
of the pipe, and this will be denoted by i The line C 
passing through the pressure-column tops is called t »c 
hydraulic gradient The quantity il/x which nppc'irs in t ns 
and some other equations is termed the hydraulic meau 
radius of the pipe, and will l»e denoted by t/t 
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The general equation for flow in pipes can now be wntten 
more simply 

.t? ft A 

For pipes of circular section and diameter d, m = ^jx ~ 

For such pipes the general equation of flow is 


h 

^2?“4 L 


di 

4 


(9) 


This equation, ivith a constant value for f, is the well known 
Chezj formula It is still extremely useful if values of f, 
varying with certain conditions, are used instead of a constant 
value 

The following forms of this equation arc useful in practical 
applications The virtual fall or head lost in the length L is 

^ = 00022^— (ect (Da) 

a 2^ d 

The velocity of flou is 

<■= J =" ®‘=-s / ({ l) 

The discharge is 

Q = ^(Tfs 3 cubic feet per lec (Of) 


The diameter for a given discharge is 

<i = oci2^/(^'^-‘') im (0 0 

The head lo«t for a givm di«cliirgL is 

/i 0 1006^*'’*' feel ("r) 

u* 


A form of the equation which is m cc'tntnon uv? is ibis 

and bv [some wnUrs this f n» erdv i* l»ri-.<sl lli- Clczr 
equition The coasinnt c is ^ivtii I v t’jt nh’i i 
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86 Case of a pipe connecting two reseiroirs Inlet 
resistance taken into account — Let Fig 87 represent a pipe 
connecting two reservoirs at different levels. If the reservoir 
levels are constant the \elocitj in the pipe and the nte of 
discharge are constant The total head causing flow is the 
difference of level H, and this is expended in three ways 
(1) To give the initnl energy to the water corresponding to 
the elocity v there must be expended a head v’j2g At the 
outlet of the pipe this kinetic eneigy is wasted in shock and 
eddies so that this is part of the head lost (2) Tlierc is 
some resistance due to the form of the inlet which may bo 
written ^(^v'j2g where = about 0 5 for a cylindrical inlet and 



about 0 05 if the inlet is bell mouthed 
the length L has been found to be 
eq (Off) Adding these together. 


(3) The friction in 

^ ftet of head 
^ d 




an equation which should always be usetl for siiort pipes. 

^Vs a matter of f ict water mains uro not straight u 
cuned to follow the sanations of loti of tlie ground I cnee 
tlieir lengtli w really grc-iter tlmn the horizontal proj'ction 
and tho hydraulic gradient is not strictly a straight me 
But in most practical cases the difilanccs of le^cl of tho lip<^ 
are so small compared with its length that there is no trror 
of practical imj>ortanco in t ikiiig L to ho tho length o 
honzont.lI projection of the pi2»o or in as-sunimg the hyt ran i 
gradient to he straight 
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87 Inlet Resistance. — Tlic »nlct to a pipe may be flush 
uith tlie reservoir wall, ns at A, Fig 88 , re-entrant and with 
square edges, B, re-entrant with sharp edges, C, or bell- 



A B C D 


Fig 83 


mouthed, D Values of the coetBcicnt of resistance ^ and 
1 -b ^ arc given in the following table — 


Fona of Inlet. 

A 

B 

C 

D 


05 
OSC 
1 30 

0-02 to 0D5 


1 + fe- 

1 5 
150 

2 30 

1-02 to 1 05 


' The inlet resistance is equivalent to the frictional resistance 
of a length of pipe given by the equation 


H 


( 11 ) 


Values op IJd 


f 

H-f.= 

1 05 

15 

1 50 

23 

005 

63 

75 

78 

116 

-0075 

35 

50 

62 

77 

010 

26 

38 

39 

58 


If this length is added to the actual length of the pipe 
the inlet resistance will be allowed for 

In practical calculations about water mams the length L 
IS usually \ery large, and (l + ?j)d is small enough compared 
with 4t^L to be neglected Thus let L = 1000 ft , d = 1 5 ft , 
0075, ^g = 0 5, H=10 ft The velocity, by eq (10), 
IS 5 47 ft. per sec., but if the inlet resistance is neglected the 
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velocity IS 5 67 The enor is here not immaterial, but if the 
length of the pipe is 10,000 feet and H = 100, the velocit}, 
from eg (10), is 5 65, and if the inlet lesistance is neglected 
the velocity is 5 6 7, where the difference is in practical cases 
negligible 

88 Pressure in the pipe when the water is flowing — 
The vertical from the pipe to the hydraulic gradient is the 
pressure m the pipe at that point in feet of water, in excess 
of atmospheric pressure. If A is the height to the gradient, 
A 4- 34 feet is the pressure, including atmospheno pressure 
Hence there could not be negative pressure in the pipe unless 
it rose more than 34 feet above the hydraulic gradient With 
negative pressure the flow %vould of course be interrupted 
But all ordimry water contains air which would be disengaged, 
and would interfere witli flow if the pressure fell much below 
atmospheric pressure Hence, as a practical rule, pipes arc 
not laid so as to rise above the hydraulic gradient Further, 
at all anticlinal bends air valves are placed so that the air in 
the pipe when it is being filled may escape, and also any air 
earned into the pipe afterwards, which would accumulate ot 
the top of vertical bends and interrupt the flow Unless the 
pipe 18 below the hydraulic gradient these valves cannot act 

89 Darcy's experimental investigation of the resistance 
to flow in pipes * — An extremely important senes of measure 
ments of the flow in pipes with different heads was carried 
out by itf H Darcy, then Engineer of the Pans "Water 
Supply under the auspices of the French Government The 
general bearing of the results may be stated thus — 

(1) The frictional r^istanco lanes considenbly with the 
natiuG and degree of roughness of the surfice of tho pipca 
Tins IS in accordance with Froudo’s results already describe 

§ 80 

(2) The greater part of the experiments were made on 
new and clenn pipes some of them asphalted A few were 
made on old and somewhat incmsted pipes It was 

that the resistance of old and incrustcd pipes was double t I'i 
of new and clean pipes. 

(3) The simple Cherj formula 

* f'ee/fr(Aes<rp/rtit^n(alesre/iOlf»autnoun’mfnlr/e r«u 

Tarn, 1SS7 
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r 

^2g 4 


( 12 ) 


very veil expressed the results of the tests, if special varying 
values were given to the coefficient f 

(4) The coefficient f vanes with the \clocity of flow, with 
the diameter of the pipe, and with the roughness of the surface 
of the pipe. As, for practical reasons, there is not a ^vide 
variation of velocity in water mams, the dependence of f on 
the velocity may be disregarded m most practical calculations 
On the other hand, the diameters of pipes range from 2 inches 
to 60 inches, and the >anation of with the diameter is \ery 
important 

Generally, at ordinarj \clocities and with cast iron or steel 
pipes laid in the ordinary way, 

(13), 


where the constants ha>e the following values — 

« fi 

Drawn wrought-iron or clean 
cast-iron pipes 004 D7 064 

Pipes altered light incrusta 

tions 0100 084 

Or, in an easil} remembered form, 

Clean and smooth pipes, 

Incriistcd pipes, 



(TarLt 
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VaxUES op f DEDUCED PROif DARCy’s fOJlilVlA 


Dia'fleter of Pijw 

X aines ot f ) 

la lacbes 

1 la Feet. 

Kew Pipes 

IncTUStei Pipes. 1 

n 


aOC22 

01252 


0417 

00697 

01202 

6 

0 500 

OO&SO 

•ones 

7 

0 583 

00SG8 

01144 


0GG7 

00500 

0112C 


0 76 

00663 

OIJ32 


l-OO 

00539 

010B4 


1 25 

00530 

O10C7 


1 50 

00625 

01056 


1 76 

00521 

0J048 


200 

00518 

•olote 


2 25 

00516 

•01037 


2 60 

005 U 

01034 


2 76 

00512 

01031 


3 00 

00511 

01028 


3 60 

00500 

01024 


4 00 

00607 

01021 

Bh 

5 00 

00506 

•01017 


It nil) bo noted that, etcept for pipes Jfss than about 
12 inches in diameter, the vanotion of fis not \er) great nnd 
m roanj approtiraato calculations a constant aaluo off may 
bo assumed ^vltIlout \ery large error 

(5) There 13 a ^a^latlon of f i\jth the \cIocit),aml for 
cases Viheio t\ic selociUes \sctc large Date) proj^'cd the 
expression 

(14) 

* d r 

and gase the following lalucs for the constants (foot unit") 
for clean pipes — 

a»0O0434G 

a.-ooooaans 
/)- 0^)010182 
/!,- 0000005205 

>10 doubt Dirc) nndornted the it«j>ort mco of the inlhit nci’ 
of %dJociI) on the fnctioiiai ri'^Mtonco, and Ins foniuda 
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account of it is cxtrcmclj incon%enient It can be taken 
into account in a simpler xny, ^\Iuch uill be giNen later 
90 Maunce Levy’s formula for pipes — Darcy s experi 
ments uero made on pipes not more than 20 inches m 
diameter, and ivithm that limit his formula has considerable 
authority M Maurice Lev} came to the conclusion from 
experience, that in the ca«5c of largo pipes Darcy's formula 
makes the resistance grcatci than it reall} is, and leads to 
the use of pipes unnecessarily largo M Levy, on partially 
theoretical grounds, obtained the following formuH for metric 
measures — 

For new and clean cast iron pipes, 

v=3G4 ^/r)} 

For pipes incrualed, (15), 

l.= 205^/{n(l+3^/^)}J 

where r is the radius of the pipe Ecducmg to English foot 
units and substituting the diameter for the radius, these 
equations become 

For new and clean pipes, 

1= 135(1 tOW-ol! 

For incrusted pipes, (15o) 

'^^=42 8(1 4-1 17 

Where in the Chezy formula eq (12) the value of f is 

For new and clean pipes, 

, 0 007408 \ 

I + 0 4 W 

For mcrusted pipes, (16) 

0 02335 
^ l + 117Vd. 

The following table gives values of ^ calculated by Levy's 
rule for comparison with those of Darcy — 



100 


iiydkaulics 


Vaicu or i inoM Lrvl^^ I'o 


Diameter of Pijk 


\ ftlLd cf f 


>ew 


Jr:nn*e<! 1*1^*“’ 


4 0333 

5 0417 ' 

C 0 flOO j 

7 0 583 

8 0 067 

0 0 75 i 

12 1-00 

16 1 25 

18 1 50 

21 1 75 

24 2UO 

30 2 50 

33 2 75 ' 

30 3-00 t 

42 350 ■ 

48 4*00 

00 5-00 


•00002 

•0138 

•00580 

•0133 

•00577 

•0J2S 

•00507 

■0123 

•O055S 

•OMO 

•00550 

•Olio 

•00520 

•0108 

•00512 1 

•0101 

00407 

•oooc 

•00185 

' -0082 

•00174 

■00S8 

00103 

■0085 

•00154 1 

■O0‘*2 

•00445 

■0071) 

•00438 

■0077 

•00424 

■0073 

•00412 

*0070 

•00301 

■0005 


91 Later determinations of the values of ( — 
IiniKtrfott ns is the theory on i^liich the Chi^y forunih h 
hasctl. It IS FO tonionicnt thnt it will conlnnu* to N* n*’’! 
in ciiginctTing calculations. The ddhculty in U‘'hi^ it is ih** 
unccrt-iinty in choosing the j>ropt r lalue of {* m ilifiirmt ci''^ 
In n «i«le ninge of cases m uhich the flow in juj>cs has Ini 
mc.isurod h^ toin|>otont ob«en<p«, f his \arnsl fruin 0 00” t'> 
0010 K%en in i.isis in innn^ n']"s.ls nKnlw-il O'f'' i* 
tonsulcnilile inmiion Mr <»iIo nml ^fr Steirns ht’i 
meisun-d the flow jn n^ph died «a«t-ircin 
dnintler, and found ^caOOO.'n and OOOjI rc^j^xliK h 

In IKSC l!ie nullior examine«l nil tie* more i-trf-'H/ 
tmde exj* rirn* nts on flow in pill's, iwclu Iiug ihfi-*’ < f I^J" / 
III c!a''*ifi irig J>i|*"s ncconling t« the ijunhti and r» r hJJ 
tNir FJrfa<T s tlf' ring’* of lamtion of {" rm !•’ 

Iimitr^I l*‘ing fl nhtff'i r. €f. nt.i] i vht '» 

f.r tl.* influ k>'h of disKi-'er nt I ir»v,t». v] h »* 5' 

1 - 1 T| lurwil in Ch ipt. r .\ . It W 11 j« ••ll I • to Hi IiV is* ’ 

of {■ f r n >'*. of t! c«i ditto' % whi h ari'o i*j | *a t ■** 
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The following tables give the values of the coefficient f 
in the Chezy formula 

t)® _ di 

for different kinds of pipe, of different diameters, and with 
different velocities of flow, deduced in this way. 


Vaices op { 


WTien d in Feet is 

For Velocities tn 

Feet per Second. 

1-2 

23 

3.4. 

4-5 



Clean Wfouglit Iron Pij'es. 


0 5-0 75 

0057 

0050 

0046 

0043 

0 76-10 

0054 

0047 

0043 

0040 

10-16 

0050 

0043 

0040 

•0077 

1*6-20 

OOid 

0040 

0037 

■0035 

2-0-30 

0043 

0038 

0034 

0032 

3 0-40 

0040 

0035 

0032 

0030 



Asphalted Cast Iron Pipes 


0 6-0 75 

00C4 

0059 

0056 

0054 

0 76-10 

00C2 

0057 

0054 

0002 

10-V5 

0059 

0054 

0052 

0050 

15-2 0 

005C 

0052 

0049 

00*7 

20-30 

0034 

0050 

0047 

•0045 

30 40 

0032 

0048 

0045 

0043 



S’ew Cast Iron 

jBcoaleil Pipes 


05 076 

0058 

0036 

■0055 

•0054 

0 75-10 

0054 

0053 

0052 

■0051 

10-1 5 

0051 

0050 

•0049 

•0048 

1 5-20 

■0048 

0017 

■OiUG 

•0016 

2030 

■004C 

•0044 

■0043 

■0043 

30-40 

•0013 

•0042 

•0041 

■0011 



lticru»t<><] Cast Iron Psi^t. 




For all Vtlociliea 


0 5-0 75 


•0119 


0 75-10 


•0113 


lO-l 5 


•0107 


1 5-20 


•0101 


1 20 30 


•00 15 


30-40 


•oo-to 
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If an expression of the form adopted by Darcy is used, 
then the results given above agree fairly closely with the 
loUowiijg values, 



Valued of f 


Kind of Pipe 

Valaes of a for V elocities m 
Second 

Feet per 

1 aloes 
o{$ 

12 

23 

34 

45 

Drawn wrought iron 

00376 

00322 

00297 

00275 

0 37 

Asphalted cast iron 

00492 

00465 

00432 

00415 

0 20 

Clean cast iron 

00405 

00395 

00387 

00382 

0 28 

Incrustad cast iron | 

At all Telocities a 0 00855 j 

0 26 


These values show that, as was generally believed from 
practical experience, the inflttence both of diameter and 
velocity IS greater than. Darcy suppo-sed 

9 2 Herachel’s gaugings of flow lo riveted steel pipes — 
Mr Clemens Herschel, between 1892 and 1896, madenumeTons 
gaugings of flow in riveted mains of exceptionally large 
diameter The volume of flow was measured by the Venturi 
meter, a method which may be regarded as i ery satisfactory 
The pipes were asphalted, and some were made with taper 
lengths and others with cylinder lengths alternately large 
and smalL No very clear difierence was found between the 
two as regards resistance Mr Herschel has plotted his 
results, taking velocities for ordmates, and \alue3 of e in the 
equation v = c tsfmx, where m is the hydraulic mean radius, os 
abscissae. From the curves drawn through the plotted 'poiJits 
he has deduced values of c for vanoua velocities Prom tbe^e, 
for comparison with the \ aloes of ^ in the tables above, the 
following values for steel riveted pipes have been deduced •— 
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Valcfs or f ron \rtk Steel Rivited TirES 


Diameter In 
Inchev 

Pot \e1ocltlei in Feet per Secoml 

1 


3 

4 


C 

48 

0003 

OOoS 

0051 

0050 

0051 

0052 

48 

0008 

0004 

0002 

0059 

0058 

0058 

42 

0070 

0050 

0051 

0051 

0052 

0053 

42 

0003 

0050 

0057 

0050 

0055 

0056 

30 

0087 

0071 

0000 

0053 

0047 

0042 


Broadly, these results conOrm the general law given above. 
The%alucof f diminishes as the \clocity increases and increases 
as the diameter diminishes But there are anomalies There 
are se\eral cases where f is greater at 6 feet per second than 
at 4 feet per second. What is more anomalous still is that 
the 48 inch pipe at C feet per second has a greater coelBcient 
than the 36 inch pipe Tlicso anomalies must be due to 
errors of obscr\*atioa. Further, as a whole, the coefficients are 
somewhat larger than they might be expected to be There 
IS a senes by Darcy and one by Hamilton Smith on nveted 
pipes which give smaller coefficients if the difference of 
diameter is allowed for Howcicr, of course in comparing 
these with the results on cast iron pipes, the roughness due 
to the nvet-heads and joints must be considered and the 
resistance can only be determined by direct expenment on 
nveted pipes 

After some of these pipes bad been in use four years some 
further gaugings were made and the discharge was found to 
have diminished considerably The following are coefficients 
for the 48 inch main, one set corresponding to the upper part 
of the mam near the supply reservoir, the other to the lower 
part 

Values op f for Old Riveted Steel Pipes 


Dumeter m 


At V elocit ea m 

Feet per Second. 


Inch,.. 

1 





6 

481 

0106 

0080 

0075 

0073 

0072 

0072 

48* 

0008 

0060 

0058 

0060 

0060 

0060 


* Supply reserroir to Ponapton ^otcl^ 

* PomptoQ Notch to service reseirotr 
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It IS clear, the author thinks, that clvinug the four jew 
slimy deposits had accumulated in the mam and increased the 
resistance to flow As would be expected, these were almo't 
entirely in the first length of nnin from the supplj re'onojr 
to Pompton Notch In the remainder of the miin the 
coefficients are not sensibly difierent from tho'^e obtained lo 
the previous gaugings 

Sfessrs Slarx, Wing, and Hoskins nmde gaugings m 1897 
and m 1899, by a cihbrated Venturi meter, of a rcmarlaWc 
supply pipe 6 feet in diameter, part of which uas meted «twl 
and part of wood Bta\es at the Pioneer Plcctnc Power 
Company, Ogden, Utah (Trans Am Soc of Cnil 
xl 471, and xliv 34) The results on the steel part of the 
pipe plotted in curves furnish the following \'alue8 for ^ 

Cozmen^T f Fon Sis Foot Hiveiei* Sizzl Pirr 

re 10 1 5 2-0 25 3-0 4-0 5-0 55 

1897 gauging— 

f«O053 •0032 -0053 0055 -0055 -0052 — -- 

1899 gauging— 

fe'OOO? 0070 0007 0063 -OOCl 0000 -OOSS UOiS 

Tho increase of resistance witb time is %crj marked at the 
low velocities if t!io measurements at these can ho trusted. 

It seems probable, Iiowevcr, that in tho earlier gauging tho 
resistance at low \Glocitic3 was under-estimated, or tho 
ance at high velocities o\cr-estimatcd. 

93 Timber stave pipes — In the western part of the 
United States remarkable pipe lines lm^o been constnictcil of 
wood Bta\cs hooped with steel hands Tho wood used is redwood 
or sequoia wliicli when wet appears to lia>e great durjibility 
Tho shirrs break joj«k and at Ibeir ends a thm piece of Rtev 
13 jammed in a saw^ut Pj shghtlj humouring the staics 
bends of large radius are easily obtained The st ivcs are 
usually incli (hick, accuntcly shaped bj machinery ^ 
steel hoops are spaced at difflrcnt distances according ^ ^ 

pressure, and are dnwTi light b> a scroiml end nnd 
Tlicso pipes can be put together in diflicuU country '' 
tmwport of metal pipes would be \cr) co'tlj 

The results of tlie guugings by Messrs. Man ^^nv 
Hopkins of the part of tlie pipe at Ogden cou^fructetl of uoi)* 
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Eough preliminary calculations can be made bj the follow 
ing approximate formula obtained by taking a fixed value of f 
Thej are least accurate for small pipes — 


For new and clean pipes, 

Q = 44^(<iSl), 

ii = 022y^, 

For old and incrusted pipes, 

»=40N/(rf«), 

Q = 31 4^/((i5.), 

d«0 252 




( 5 ) 


( 0 ) 


When the dimensions of a pipe are given and the •velocity 
and dischai^o are required there is no great difllculty If 
Darcy’s value of ^ is used it can lie found from eq (1), 
and tho calculations arc straightforward If a value of f 
depending both on tho diameter nod velocity is to be used, 
an approximate value of v can be obtained from eq (6) or (C), 
and then tho value of f can bo selected from the tables and 

V and Q re-calculated. There is mther more difliculty when 
tho discharge is given and the diameter is required Some* 
times from past experience nn engineer can oMign probable 

V vines for d and r, or they can be found approximatelj bv 

cq (5) or (C) Then 5^ can be found from Dvrej’s fonimli or 
from the Ublci, and a new value of the diameter calculated b) 
eq (4) The engineer has to consider VTliclher he will allow for 
nn increase of resistance os the pipe becomes old and incru'^ted 
Tlic raXo nX vvhic^j a pipe \*ecomc3 rouglicr Irom corrosion 
depends on the quality of the water In some ca'jcs the 
interior of the pipe rcmnns clem for a long lime In some 
other c.i*y>s tho corromon is rojud. A common rule of thumb 
to provide for co i the diameter of pij-c 

roqmreil when il id choo^ the ncare«t 

lirger commercial 


96 Of 

the vil 
vUfTi rent 


are jubli«!ieilp\in„' 
it diaut ter’ vrith 
Uled on a fixed 
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The head producing flow m the hose pipe is H— A nnd 
therefore 

/2g(H-A)J 
'■'V HI 



95 Practical calculations of flow in pipes — In tho 
following calculations it is assumed that there are no special 
obstructions due to valves, bends, etc , and that tho pipe is 
80 long that only the fnctional resistance requires to be 
taken into account In long mams the resistance of ordiDSiy 
bends is negligible The fundamental equations arc — 



(1). 

.v" d h di 


U 

it 

d? 

(-A 

Q = ^ 

4 

(3) 


Prom these equations tho following are easilj denied ft»d 
for convenience are repeated here from § 85 — 



(2o) 

d=-.0 0622^^’ 

m 

0 

r«l 273^ 

(3c), 


(3!) 

rf=0C33y® 

(0 


(tc) 

A =. 0 100'!^*' 

(U) 
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I#**, S t 1 'i f - 1 t* ' f *1 f J TJ fT|*f *’ ‘-T f r 

I' P } r-i 1 J »* III a |k \ {^Jf t €7/ I{y'^r‘iy'\i J 1 ' C) 

I/I f K t* • jI V » «! I T I' p I a'. I* p r«-ilr’' 

fftT-na* -p n *V;r^ * r l! » irl •'I'r, r I' p ra ! • arWO" 
<’nn'*^i r'l'p]j'PftT)llM*PTa ’i"* r{ f na’ufp irr*! 

It t' p ljfprft'pl«-*)l r/il I* Ij p fT mit rr 

Tr I.'-.! 1 >•■ j* 


i, -oni - 1 ‘<v*' 

o* on f4 o* f»** 0 7 f>* 

S‘ W‘ 1-X* -^3 71 <2 

14 K -71 4* <'* 


r-f 1 

r * 

{i- n 


(21) 

09 lO 
I 41 19S 


S*o co'"’p*7f«' lia* jlv^l in lh''v» rr»i:lt«, as 

llirr arr <n srrr nr 1 f*~ill rTi«'nnpnt^ 

iVsvnllr ilr AVian’ r (/V^^ J-t' C\r\l /mr/zr/ clix T-II) 
I IS m Ip rvi^p srfT nrrful rx|«‘nr’pnl'' on fnill Mnji*!jpil 
w cKrl Iwj I' (</ *- 1 J n li) with oo"*! Jpfil Ip > srTvljon t f nclius 
cf r-mlyrp fi*] 1 s<l<»'itr < f f >w lopj^ilpof tlif ?nill icilo 
of l*jpv» f xjr^rpit' iljpr llmoT roDp hsfjl on llio mluro of 
UiP fTM'Univ ftl Unis. Tip »n I imioiUnt point is tin*, 
ihit tlip tz’il n* •isticp nl a l^n 1 is inulc tip of tlio fkin 
r««i»'nno< <f n flnuhi I n^tli of ji|ic of llic Fimc Icn^lli na 
the l»pn 1 nil! nil a 1 litioinl ri»i»lsi»rt iliio to tlic ciir^nlurc 
winch IS Tifl n fhoch rr«i*linrt ! ut menU nn nii^mcntnlion of 
the fhm fncticiij licnc' thr toll! n-i*t’incc nl n Urn! nn 
b-' exprt.**^^! Lj llic rvhlion 


K 


, 4f , 


( 20 . 


where I la the length of tho Wml mexsured along its centre 
line, and d the duinelcr of the pipe It nppcanxl m tlic 
cxpenincnU tliat the rcsisUiico jHir foot length of bend did 
not regulirl} deernso with the cunnture but was a 
minimum when p = 5, or when the radius of curiaturo waa 
2\ times the dnmetcr of the pipe Mr Alexander has gi\en 
some empirical cxpres.sions for loss of head at bends, but they 
ore incon\enicnt, and it is suflicicnt for practical purposes to 
proceed in a simpler wa^ Assuming the result that tho 
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The value of the coefficient is not well ascertained. 'W'eisbacb 
obtained as the result of experiments the empirical relation 




0-077 


Ct 


( 20 ), 


iFor a quite sharp edge at the change of section CeS=0‘62 to 
0*64. For a rounded edge c^ = 0*7 to 0’8. 

Gradual enlargement. — The resistance in this case can 
only he ascertained by experiment. Fliegner found the head 
lost to be (Fig. 91) 




(2!), 


Elbows. — The loss of head at elbows appears to be due 



Fig. 91. 



to the formation of a contraction and abrupt increase of 
section (Fig. 92). Weisbach, from experiments on a very 
small pipe, obtained the expression 



fe « 0'95sin®^/2 + 2*05sin^<#>/2. 

20“ 40“ 60“ 80“ 90“ 100“ 120“ 

^ = 0-03 0-H 0-37' 0-75 1-0 1*27 1‘67 

This is a loss additional to the pipe friction in the parl'S 
constituting the elbow. 

98. Eesistance at bends. — Till lately the resistance at 
bends has been supposed to be a shock loss due to contraction 
and abrupt enlargement of the stream at the bend. Oa this 
hypothesis, and using the results of some experiments on sroan 
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bonds, Weisbach found the following empirical expression for 
tho head lost at a bend (Die cxpenmtntal Hydraulxl., p 150) 
I«t 6 be the angle subtended by tho bend at the centre 
of curaature in degrees, v tho •velocity, r tho radius, and d the 
diameter of the pipe, and It tho radius of cun aturo measured 
to tho centre line of the bend Then p = r/It is the curvature 
Tho head lost is 


(s= 0 131 + 1 84 7p” 


(23) 


p«01 02 03 04 

B/«i= 5 2 5 107 126 

^6= 13 14 10 21 
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08 
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55 
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29 

44 

C8 

08 

141 

108 


No great confidence has been placed m these results, as 
they are based on very limited and small experiments 
Eecently Mr Alexander (Proc Imt Cxvtl £nffin€er8,chx 341) 
has made somo very careful experiments on small varnished 
wood bends (d= 1^ iach)vnth considerable variation of radius 
of curvature and velocity of flow In spite of the small scale 
of these expenments they throw some light on the nature of 
the resistance at bends The most important point is this, 
that the total resistance at a bend is made up of the shin 
resistance of a straight length of pipe of the same length as 
the bend, and an additional resistance duo to the curvature 
which IS not a shock resistance but merely an augmentation of 
the skin friction Hence the total resistance at a bend can 
be expressed by the relation 

= (24), 

where I is the length of tho bend measured along its centre 
, line, and d the diameter of the pipe It appeared in the 
experiments that the resistance per foot length of bend did 
not regularly decrease with the curvature but was a 
minimum when p = 5, or when the radius of curvature was 
2* times the diameter of the pipe Mr Alexander has given 
some empirical expressions for loss of head at bends but they 
are inconvenient, and it is sufficient for practical purposes to 
proceed in a simpler way Assuming the result that the 
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bend resistance is merely an augmented skm friction rosistmce. 
60 that It can bo expressed by the equation (24). the \ahe 
of may be found from such experiments as axe a\iuhhlt 
The most valuable experiments are some b} Messrs William^ 
Hubbell and Yenkcl, on large bends of asphalted cast iron, and 
of these the best are on bends m pipes of 30 luclies m 
diameter (Proc Am Soc o/* Oml Ijuginfurs, xxiu 314) 
The coefficients arc deduced for right-angled bends in uJuch 
lasrR/2 For any other bends the resistance will lie 
proportional to the angle subtended at the centre of curvature, 
80 that if /| IS the length of such a bend the coeffiaent vill 
be greater or less than those gi\cn below in the ratio li/l 
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of the 
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the coenicient 


resist inco of Weisbacb’s small pjjics is much less tlian that of 
the 30 inch pipe, but for large \nbics of the cunature it ij 
not xcr) difitrcnl It maj l»c sn^pcctcd that for the Fttiill 
pijwis uilh small curaatnro the motion of the witer xn* 
jKjssiblj approximatol) non sinuous. 

Tlio Rsults nn> 1)0 put m another way Let A U' tf'? 
length of a strnght pipe the rc^i^tancc of uhich n eqinl t’ 
that of a ngbt angled l»eml of i aloiu the ctntn 

Then if f is the projv»r cocDicienl corrtsjtomhng tn tl'* 
diameter, aelociU and Tottghnc*s in tin ordnnrr f rmidi f 


jujv^ friction 
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Al 


>,-0{ <='■’ 

Tiling {-"0 00'. f.ir n rO mrh ii'jfal'r'i Pi’ 
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It cannot be said that knowledge of the resistance at 
bends is satisfactory , more experiments on an adequate scale 
are necessary But it is fairly certain that the additidnil 
resistance at a bend o\er that of a straight pipe of equal 
length IS not, for practical calculations, a very large or serious 
quantity when the resistance of long mains is in question 
99 Valves cocks, and sluices — These contract the 
section of the pipe, and there is a further contraction of the 
/stream passing the sluice, and an abrupt enlargement of the 
section of the stream causing loss of head bj shock The loss 
of head may be expressed by the relation 

( 26 ), 

where v is the velocity m the pipe bejond the sluice where 
regular motion is to established 

Pipe of rectangular section. — Section at the sluice, wj j 
in pipe beyond the sluice, o 

.= 1-0 oa 08 0" oc 05 

= 00 009 0-1 0-95 SOS 402 

^ = 04 03 02 01 

= 812 178 445 1930 



Fig PS r« Pi 


Sluice in cylindrical pipe — Let p-hfll be the ratio of 
height of opeiuug to tlie diamiter of the j)ijie 
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P-1‘0 t I ^4 2 11 

^ = 1-0 0-S3 0-55 0T4 051 *47 32 *16 

f,=0-0 0-07 CriS 051 21 55 17-0 978 

Some experiments br Xnicbling on a 24-inch sluice in a 
cast-iron mam gave the folIoTfing results : — 

p = 056 050 050 037 025 018 

=* OS 15 3 3 S5 22 7 41-2 


It mil seen ho"^ very largely the pressure beyond tbe 
sluice 13 reduced vrhen the valve la much closed. The form of 
the valve casing has a good deal of infuence on the resistance. 
"With various forms of the resistance \rhen the valve or 

sluice Is full open may amount to from two to sixteen times 
r=/2<; 

100 Flow in a in which there arc secondary 

resistances. — The equation for the velocity of flow becomes 
too cumbrous if exprossions for the secondary resistances are 
inserted. It is be=t to proceed by approxiination. Let H be 
the total head m the length /. Then taking account only of 
the inlet resiatance and skin friction an approxiinate value of 
the veloatT r can be found from the equation 

Knowing this approximate velocity, the losses of head due 
to the secondary resistances can be calculated I^t 7 i. = the 
sum of these lo&ses. Then a more approximate value of v can 
be found from the equation 


= 8 025 


/f (H-A)i 


}■ 


. (:s) 


PEOBtzais. 

1 Find an expression fot the relative discharge of a gqnare^and a 
circular pipe of the same section and slope. 156- 0 • 

£ A pipe IS 6 inchea in diameter, and IS laid for a quarter of a 

a slope of 1 m SO ; for another quarter of a mile at a 
I in 100, and for a third quarter of a mile is , 

surface of the supplv reservoir is SO feet above the * 
that of the lower reservoir 9 feet above the outlet t/si S 
Barej’s coefhaent fear dean pipea, find the discharge. 
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CHAPTER IX 


DISiriBCTlON OF WATER PIPES 

101 Town supply — The amount of water supplied per head 
in diflerenb towns vanes very greatly For ordinary domestic 
purposes 12 gallons per head per day is a small supply, and 
18 to 20 gallons an ample supply For trade and manu 
factunng purpo^ 6 to 12 gallons per head per day is 
generally suffiaent. But in a great many towns the supply 
IS larger, and in some cases this is doe to waste of water by 
leakage from the moms. In some towns in the United States 
the supply reaches 100 to 150 gallons per head per day 
The demand for water \anes being small at mgbt and greatest 
at certain hours in the day In designing water mains it is 
usual to assume the maximum rate of flow to be double the 
mean rate In laying new mains a further allowance is made 
for the prospective iDcrea<5e of population. 

The greatest statical pressure in the mams is m ordinary 
cases 200 to 300 feet of water, and with commercial fittings 
a higher pressure is undesirable The lowest pressure which 
should be provided at points of delivery to consumers is 80 
to 100 feet If a district varies considerably m level it is 
di\ ided into zones in each of which the difierence of level does 
not exceed 80 to 100 feet. An independent supply linm a 
service resen oir at least 200 feet abo\e the lowest point m 
the zone is pro> ided. Such serwee reservoirs are fed by a 
trunk mam from the source of supply, and usually contam 
three or more days supply m case of accident to the mam 
The distnbutmg mains are calculated so that when losses of 
head are allowed for there is adequate pressure at all pomts 
of delivery during the hours of maximum demand. 

The zones are divided mto subdistncts, each with an 
177 
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indepandent snpplr, and these districts rair in area ■mth the 
popniatioa. One reason for this is the desirahilitr of control- 
ling waste of water br waste-water meters, throi^h which the 
supply to limited districts can ha passed and measured. The 
smallest mains used are 3 inches in diameter, but generally 
mains are cot less than 4 or 6 inches in diameter. 



102, Water-supply ra ai-n. — ^Fig 05 show^ the general 
arrangeaeat of a water-supply main connecting a storage 
reserv oir A and a service reservoir B. The line of bydnnlic 
gradient rs drawn from the lowest level in A to the highest 
in B, the condition in which the rate of 2ow will be 
The pipe line follows generally the contour of the ground, but 



IS evervwhere below the hydraulic gradicnL At C i** a stream, 
where the pipe Une may be earned under the stream by a 
specially constructed steel pipe, termed a siphon, or over i- on 
a bridge aqueduct. At D is a vallor, winch tny crc^^l 
by a siphon, or the pipe may bo earned on pier^ 
ground occurs on the route it may be nece«j=«TT to p.voe^the 
pip^ in a tunnel to avoid rising above the gruiu'uL Arot‘*cr 
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ft 

w of <lriljng wjUi n*ing protm ! I*clwccn tlic inlet nnd outlet 
IS to ndo] I n iniin with juiK-sof two dninctcrs. Thus, m J-ig 
OC.tho nsing ground nl C i»rc\ciiti the ndojUion of n uniform 
hydnuhe gndicnt from A to B Tlien n larger pipe must Ijo 
u‘ed from A to C, piling the mjiiircd discharge on llic flatter 
gradient, nnd n pmallcr pipe mij Ixj used from C to B, giiing 
the Mtuc discharge on the rteoper gradient 

As to the pressure m tho main when the outlet is full 
open, the pressure in feet of water nt nii) jKurit is the icrtical 
interceit between the pipe line nnd the h)draulic gradient. 
But if a valve nt the outlet is closotl nnd tlic water is 
ftnlionar) in the main, the pressure is tlic vcrticnl intercept 
lictwccn the I ipc line nnd the honxonUl AF lienee gcncr- 
nllp the strength of the pipe has to he cnlculated for this 
latter pressure, if under an} circumstances the outlet can bo 



closed. Any regulation of the flow nt the outlet increases 
the pressure in the mam In certain eases to reduce the cost 
of the main, there is no \nlvc nt the outlet, and regulation of 
flow 13 cflected ciitirel) b) a anhc nt the inlet In that case 
the pressure at any point is never greater them tho height to 
the hydraulic gradicut 

103 Break pressure reservoirs — When a water mam 
18 of great length, and when there is a large fall Hj between 
tho supply reservoir at A and the final service resenoir at 
13, it is often necessary to introduce intermediate balancing 
or break pressure reservoirs, such as those shown m Fig 97 
at C and D The general hydraulic gradient is the line AB 
from the surface level in A to the surface level in B and for 
this gradient and the required discharge Q the diameter of 
tht pipes must bo calculated Now, if there are no inter- 
mediate reservoirs, the pressures in the mam at any point 
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independent supply, and these districts vary in area with the 
population One reason for this is the desirability of control 
ling waste of water by waste water meters, through which the 
supply to hmited districts can be passed and measured. The 
smallest mains used are 3 inches in diameter but generally 
mains are not less than 4 or 6 inches in diameter 



102 Water supply mam- — Fig 95 shows the general 
arrangement of a water supply mam connecting a storage 
reservoir A and a service reservoir B The line of hydraulic 
gradient is drawn from the lowest level m A to the highest 
in B the condition in which the rate of flow will be least 
The pipe line follows generally the contour of the ground but 



13 c\ erywhere below the h} draulic gradient At C is a stream 
where the pipe line maj be carried under the stream b} a 
specially constructed steel pipe termed a siphon or o^er it on 
a bridge aqueduct At D is n i alley, which maj be crossca 
bj a siphon, or the pipe may bo earned on piers If high 
ground occurs on the route it maj bo necessary to place the 
pipes in a tunnel to a^oid rising obovc the gradient Another 
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\\'ij of (lolling with rising ground between the inlet nnd outlet 
IS to adopt ft main with pipes of two diameters Thus, in Fig 
90, the rising ground at C pre\cnts the adoption of a uniform 
hjdraulic gradient from A to B Tlicn a larger pipe must be 
used from A to C, gi'ing the required discharge on tlio flatter 
gradient , nnd a smaller pipe may bo used from C to B, giving 
the same discharge on the steeper gradient 

As to the pressure in the mam when the outlet is full 
open, the pressure in feet of water at any point is the vortical 
intercept between the pipe line and the hydraulic gradient 
But if a vahe at the outlet is closed and the water is 
stationary in the mam, tho pressure is the vertical intercept 
between the pipe line and the honzontal AF. Hence gener- 
ally the strength of the pipe has to be calculated for this 
latter pressure, if under any circumstances tlio outlet can be 



closed. Any regulation of the flow at the outlet increases 
the pressure in the main In certain cases, to reduce the cost 
of the mam, there is no valve at the outlet, and regulation of 
flow is effected entirely by a valve at the inlet In that case 
the pressure at any pomt is never greater than the height to 
the hydraulic gradient 

103 Break pressure reservoirs — When a water-main 
IS of great length, and when there is a large fall Hg between 
the supply reservoir at A and the final service reservoir at 
B, it 18 often necessary to introduce intermediate balancing 
or break pressure reservoirs, such as those shown in Fig 9 7 
at C and D The general hydraulic gradient is the line AB 
from the surface level in A to the surface level m B, and for 
this gradient and tho reqmred discharge Q the diameter of 
the pipes must be calculated Now, if there are no inter- 
mediate reservoirs, the pressures m the mam at any pomt 
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independent supply, and these distncts vary in area with the 
population One reason for this is the desirability of control 
ling waste of water by waste water meters, through which the 
supply to limited districts can be passed and measured The 
smallest mains used are 3 inches in diameter, but generally 
mains are not less than 4 or 6 inches in diameter 



arrangement of a water supply mam connecting a storage 
reservoir A and a service reservoir B The line of hydraulic 
gradient is drawn from the lowest level in A to the highest 
in B, the condition m which the rate of flow will be least 
The pipe line follows generally the contour of the ground, but 



Fig 96 


IS everywhere below the hydraulic gradient At 0 is a stream, 
where the pipe line may be carried under the stream by a 
specially constructed steel pipe, termed a siphon or over it on 
a bridge aqueduct At D is a valley, which may be crossed 
by a siphon, or the pipe may bo earned on piers If high 
ground occurs on the route it may be necessary to place the 
pipes in a tunnel to avoid rising above the gradient Another 
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W '17 of dealing with rising ground between the inlet and outlet 
IS to adopt a mam with pipes of two diameters Thus, in Fig 
96, the rising ground at C prevents the adoption of a imiform 
hydraulic gradient from A to B Then a larger pipe must be 
used from A to C giving the required discharge on the flatter 
gradient , and a Emaller pipe may be used from C to B, giving 
the same discharge on the steeper gradient 

As to the pressure in the mam when the outlet is full 
open, the pressure in feet of water at any pomt is the vertical 
intercept between the pipe line and the hydraulic gradient 
But if a valve at the outlet is closed and the water is 
stationary in the main the pressure is the vertical intercept 
between the pipe line and the horizontal AF Hence gencr 
ally the strength of the pipe lias to be calculated for this 
latter pressure, if under any circumstances the outlet can bo 



closed. Anj rcgulition of the flow at the outlet increases 
the pressure in the main In certain cases, to reduce the cost 
of the mam, there is no vahe at the outlet, and regulation of 
flow IS efilcted cntirelj bj a vahe at the inlet In that ca*^ 
the pressure at anj point is never greater than the height to 
the hydraulic gradient 

103 Break pressure reservoirs — When a water mam 
13 of great length and when there is a large fall II, between 
the Buppl} rcscnoir at A and the final scmcc reservoir at 
B, It IS often necessary to introduce intermediate balancing 
or break pressure reservoirs such as lho'« shown m Iig 97 
at C and D The general h}drauhc gradient is the line AB 
from the surface level in A to the surface level m B, and for 
this gradient and the required di«<IiargL Q the diameter of 
tilt pqves mu«t be calculated. Xow, if there arc no inter 
mediate reservoir* the irosmies in the mam at any j>omt 
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where, in approximate calculations, a common mean value can 
be selected for The total loss of head due to friction is 
(5 95, cq. (4i)] 

= 0-.008{Q=|i.i+^i,} . . (1). 

(i) Constant xelocxty tn the main, the discharge diminish^ 
ing from section to srtf^ton— Let Q|, Q 2 , Qs be the discharges 
in the successive sections, rfj, rfj, the diameters, and li, h 
the lengths of the sections, and let v be the common velocity 
throughout the main. Then the diameters must be fixed by 
the relations 



Introducing these quantities into the ordinary equation for 
loss of head in friction, the total loss is [§ 05, eq. (25)] 

H = 5i + Aj + A, 

The secondary losses of head are neglected in these equations, 
and usually have to be allowed for by an addition to H, 
determined by experience m similar cases 

105. Equivalent mainof uniform diameter — It sometimes 
facilitates calculations of loss of head to substitute for a main 

- U' t. -- ■»! 

A 4 - - ^ ' 

b 

B ~~ A~ ~ 

Fig 98. 

in sections of difierent diameter an equivalent uniform main 
having the same discharge with the same loss of head. Let 
A (Fig 98) be a main of varying diameter having lengths 
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when the pipe is delivering the full discharge will be the 
height from the pipe to the hydraulic gradient AB. So far 
as this condition of things is concerned, intermediate reservoirs 
are not necessary. But in the working of the main tliere 
must he times when the delivery of the main is decreased, 
and the pressure in the main will then be greater; there 
must be times when the delivery is stopped, and then the 
pressure at any point in the main will bo the hydrostatic 
pressure due to the depth of the point below the surface-level 
in the supply reservoir, or, what is the same thing, the height 
from the pipe to the horizontal AE. Thus at D the hydro- 
static pressure would be Hj, and at B, Hj. Hence, as respects 
strength, the pipe must be calculated for the hydrostatic 
pressure in the main when the delivery is stopped, and tliis 
may involve inconvenient thicknesses of pipe and unnccessarj' 
cost. By taking the pipe line so as to reach at C and D the 
level of the hydraulic gradient, and introducing balancing 
reservoirs there, into which one length of main discharges and 
from which another receives its supply, the pressure conditions 
are ameliorated. With full delivery the hydraulic gradient 
is AB as before. But when the deliver}' is stopped, the 
hydrostatic pressure in each length can never exceed tliat 
duo to the nearest higlicr reservoir. Tims at C tlio pressure 
cannot exceed ; at D it cannot exceed )u ; and at B it 
cannot exceed Aj. 

104. Loss of head in a main consisting of sections of 
different diameters.- — Two cases may bo considered, (a) The 
diseliarge in.iy bo taken to be constant throughout tlio main. 
(A) The velocity may be taken to be constant throughout, 
I»ortions of tlic How being abslmctcd by branch mains at each 
change of diameter. 

(ji) Comtant disrhnrijr — Ixt Q bo tlic di.=chnrgo, f/,. d., fh 
tlie diainelers, untl the lengths of tlic sections of the 

main. Then the \elotitie.s arc 

Tlje of liiMd due to friction an* 


hj 




V II. 


-■7 ’ 
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wlicrc, m njiproximatc calciiintions, a common mean value can 
be selected for ^ The total loss of bead due to friction is 
[5 95, cq (46)] 

II =5 + Aj + Aj 

-oioa8£Q.{i,.jvy (1) 

(6) Constant ulocitij tn the main, the discharge diminish- 
ing from section to section — Let Qj, Q, Qj bo tho diBchargcs 
in the successive sections rf„ rfj rf, the diameters, and 
the lengths of tho sections, and let v bo tho common velocity 
throughout the main Then tho diameters must bo fixed by 
the relations 



Introduang tlic«o quantities into the ordmarj equation for 
loss of licad m friction, the total loss is [§ 95 cq (2^)] 

11 - A, + Aj + Aj 

= ( 2 ) 

The secondary losses of head arc neglected in these equations, 
and usually liave to bo allowed for by on addition to IT, 
determined by experience in similar cases 

105 Equivalent mainof uniform diameter — It sometimes 
facilitates calculations of loss of head to substitute for a main 

t, t, »!• U 

4 ^ ~ 

- I 

B '~ a ~ 

FIff 08 

in sections of different diameter an equivalent uniform mam 
having tho same discharge with the same loss of head. Let 
A (Pjg 08) be a mam of varying diameter having lengths 
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when the pipe is dehreriug the full discharge will be the 
height from the pipe to the hydraulic gradient AR So far 
as this condition of things is concerned, interniediate reservoirs 
are not necessary But in the working of the main there 
must be times when the delivery ot the mam is decreased, 
and the pressure in the mam will then be greater, there 
must he times when the delivery is stopped, and then the 
pressure at any point in the mam will be the hydrostatic 
pressure due to the depth of the point below the surface level 
m the supply reservoir, or, what is the same thing, the height 
from the pipe to the horizontal AE Thus at D the hydro 
static pressure would be and at B, Hj Hence, as respects 
strength, the pipe must be calculated for the hydrostatic 
pressure in the mam when the delivery is stopped, and tins 
may involve inconvenient thicknesses of pipe and unnecessary 
cost By taking the pipe line so as to reach ot C and D the 
level of the hydraubc gradient and introducing balancing 
reservoirs there, into which one length of mam discharges and 
from which another receives its supply, the pressure conditions 
are ameliorated ‘With full delivery the hydraulic gradient 
18 AB as before But when the delivery is stopped, the 
hydrostatic pressure in each length can never exceed tliat 
due to the nearest higher reservoir Thus at C the pressure 
cannot exceed A-i , at D it cannot exceed ho , and at B it 
cannot exceed 

104 Loss of head in a main consisting of sections of 
different diameters — ^Two cases may be considered (o) Tho 
discharge may be taken to be constant throughout the main 
(6) The velocity may he taken to be constant throughout, 
portions of the flow being abstracted by hrancJi rnams at each 
change of diameter 

(a) Constant discharge — Let Q bo the discharge, d, d ds 
tl)C diameters and ^j, l« the lengths of the sections of the 
mam Then the \eIocities arc 

n=Q/?.”. ’•z-V?-’- 


The losses of head due to fnction are 


' -y d, 




4 /. 

d.'* 


J/j 

d,' 
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where, in approximate calculations a common mean value can 
be selected for ^ The total lews of head due to fnction is 
[§ 05. eq {45)] 


H = Ai -f + Aj 


= 010Q8{(y 


i"(iL + i + tl 


(1) 


( 6 ) Constant vtlocity tn ike main, the discharge diminish- 
ing from section to section — Let Q^, Qj, Q 3 be the discharges 
in the successive sections, rfj, dj the diameters, and Zj, Z, 
the lengths of the sections, and let v be the common velocity 
throughout the main Then the diameters must be fixed by 
the relations 


'.-ys- '.-7%. '.-ya- 


Introducing these quantities into the ordinary equation for 
loss of head in friction, the total loss is 95, eq (26)] 

H " A| + Aj + Aj 

( 2 ) 

The secondary losses of head are neglected in these equations, 
and usually have to be allowed for by an addition to H, 
determined by experience in similar cases 

105 Equivalent mam of uniform diameter- — It sometimes 
facilitates calculations of loss of head to substitute for a mam 


V 

a"! 


U 

~T 


6 . 

3Z 




- I - 

B ' ' a 

rsg 9S 

in sections of different diameter an cqmralent uniform mam 
ln^ mg the same discharge with the same loss of head. Let 
A (Fig 98) be a main of vaiying diameter having lengths 
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^ 1 ’ K' K'" diameters rfj, It is required .to 

find the length I of an equivalent main B of diameter d. 
Let i?i, V 3 ... be the velocities in A, and v the velocity in 
B, with any discharge Q. Since the loss of head in B is to 
be the same as that in A, from § 95, eq. (2h), 




where a common mean value can be selected for But 


Q *= . 


Consequently 



l_d% dH^ 


id'* 



(3), 


which is the length of the equivalent main. 

106. Main in which the discharge decreases uniformly 
along the length. — In street mains water is delivered into 
branch mains or service pipes, so that tlie discharge pro- 



gressively decreases. It is useful to consider a limiting caso 
in wliich the volume of flow in a main of uniform diameter 
decreases proportionately to the length. Let AB (Fig- ^ 

pipo supplied from a reservoir, and BE its hydraulic gradient. 
Let Q cubic feet per second bo supplied at A, and discharged into 
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service pipes uniformlj along the route, so that the pipe loses 
q = Q/i cubic feet per second per foot run Let C be any point, 
AC = X, AB = h, = the virtual fill from A to C, Aj *= the 
lurtual fall from A to B, and d — the diameter of the pipe 
The volume of flow at C is Q, = Q — qx In a short length 
dx at C the head lost is [§ 95, eq (45)] 

dh = 0 

Hence between A and G the head lost is 

)i, = 0 1008ij (Q-}i)Vr 

Jo 

But 

/IQ - qzydz e QyJ'dx - iQq/xdx + f/x'dx, 

j (Q-ga:)2<fa = Q'’a:-Q2a:’ + i2^j® 

A, = 0 1008i[(J'i - Qji* + (4) 

But 

Q = Q, + fr 

hx = 0 1008^|Q^ + Q,5i' + 

At B, 

Q, = 0, 5* = A|, X = /, yi = Q 

A, = 0 1008^^=0 lOOS^f^' (6) 

la cthec frards, the Cetel loss of heed ts paseiseifoae third 
of what it would ^ if the flow was uniform along the pipe 
instead of uniformly decreasing The line of hydraulic 
gradient in this case is a cubic parabola , that is, assuming os 
usual that lengths measured along tho pipe do not sensibly 
differ from their horizontal projections. 

Determination of diameter of pipe which dehvers water 
uniformly cn route — Suppose o pipe of uniform diameter d 
rcceiies Q cubic feet of water per second at the mlet and 
deluers Q, cubic feet at x feet from the inlet, haiung distn- 
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^1 ^2 h diameters It is required to 

find the length I of an equivalent main B of diameter d 
Let Vj V 3 be the velocities in A and v the velocity in 
B with any discharge Q Since the loss of head in B is to 
be the same as that m A from § 95, eq (2&) 


^ d. 




where a common mean value can be selected for f But 




Consequently 



I d% d% d*L 

— s — n 4. j. i 4 

d ^ d‘ rf/ 




(3) 


which IS the length of the equivalent mam 

106 Mam in which the discharge decreases uniformly 
along the length — In street mams water is delivered into 
branch mams or service pipes so that the discharge pro 



Fg 99 


grcssi\ely decreases It is useful to consider a limiting case 
m which the volume of flow in a mam of uniform diameter 
decreases proportionately to the length Let AB (Iig 99) bo a 
pipo supplied from a reservoir and DE its hydraulic gradient. 
Let Q cubic feet per second be supplied at A and discharged into 
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service pipes uniformly along the route, so that the pipe loses 
2 = Qfl cubic feet per second per foot run Let C be any point, 
AO = X, AB = A, = the virtual fall from A to C, hy = the 
virtual fall from A to B, and d = the diameter of the pipe 
The volume of flow at C is Qt=Q — 2'^ ® short length 

dx at C the head lost is [§ 95, eq (45)] 

dh=0 1008^j(Q-fi)Vj: 

Hence between A and G the head lost is 

h^ = 0 1008^1 (Q -?!)’* 
do 

But 

/IQ - qzfdx = Q^dx - ^Qi^xdz + ^fz'dx, 

J* (Q-2i)'’dz = Q'’x-Q2c'’ + 32^ 

K = 0 1008|{q% - Qtz' + JjV} (4) 

But 

Q = Q, + 2Z 

A, = 0 I008|e(Q> + + ^2=*=) 

At B, 

0^ = 0, Ax = A,, x = l, qx = Q 

A. = 0 1008_f ^ = 0 1008^^' (6) 

la other Rwtfa, tite total loss of head ts precise} f one thted 
of what it would be if the flow was uniform along the pipe 
instead of uniformly decreasing The lino of hydraulic 
gradient in this case is a cubic parabola, that is, assuming as 
usual that lengths measured along tho pipe do not sensibly 
differ from their horizontal projections. 

Determination of diameter of pipe which delivers water 
uniformly en route. — Suppose a pipe of uniform diameter d 
roceiies Q cubic foot of water per second at the inlet and 
delivers Q, cubic feet at x feet from the inlet, ha\ung distn- 
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bated qz cubic feet uniformly m tlmt dlst^nco From the 
equation abo^e, the lo'^s of head in the distance x is 

ix = 0 1008i|QJc + Q^i= + JjVj 

Kow let 

q'2=q;+q^+ jjV 

Then in a simple form Biinilar to tlmt for pipes in ^^hlcb the 
discliarge is uniform along the length, 

A, = 0 1006|'q (C) 

But Q' IS greater than + and is less tlian Q,+ 

1 , “ 

'^ 7 z, that 18 , Q lies beUveen Q,+ 0oyr and Q^+Oo/ja* 
Ab an approximation let Q'ss Q,-f 0 GGjz , 

A,-0 100s|^(Q^+0'i5jj)" (7) 

Po that if the pipe is calculated for the di'cliargo Q, at tlic 
outlet end plus 0 5o of the dcli\crj qx rn route like a ] ii*e 
of utufonn discharge, ;l nmU Fatisfj the conditions 

107 Pipe connecting a snpply and a Bcmco reservoir, 
and delivering water cn route — Let / bo tlio length of the 
pij>c and 4 the difTcrcnco of eurficclcitl in the n.‘><riojrs. 
During the night when the consnmplion tf water rn nute 
IS zero, the pijn* dehsen from A to B (J-ig 100)a quantity of 
valor p^cn V'J the relation 05, iq (la)) 

The hydnuhe gndunl is th Btmighl hn* All ^ 

\\ hen the con«ump*ioft en nute mches the salt:© y/, Q 
IS ri’T-t jse 1 nl A, nn 1 Q is d liNtrvd at 11 !■ run if 

e<|ui'ion nlo'o 


If jf I-^rru i Q, (III jir I'l 111! wlirti 



3 1*' /I" Af 

o- V , ( • 



IX 


DISTRIBUTIOX OF WATBU BV PII’KS 185 


the dicchargc into the rcfcnoit B ccnsc<i. The line of hjdraulic 
gradient 19 then a cubic parabola with a horizontal tangent at 
B ^Vhcn the service rn route incroa'sea still more, the pipe is 



fed at one end by the rc?cr\oir A and at the other end by the 
reservoir B The lino of liydraulic gradient remains parobobc, 
but Its horizontal tangent is at some point C 

Let Xi be the horizontal distance from A to C, ond from 
C to B, and let be the virtual fall from A to C From 
§ IOC, eq (5), 

A, = 0 1006 i 

and considering the section CB, 

A.-A-OIOOsi?^. 


also l = Xi + x^ These three relations determine any three of 
the quantities h, hg, d, q, x„ av It may be noticed that 


*1 

I." l/{h^y 

X =l 


(9). 


108 Branched pipe connecting reservoirs at different 
levels — ^Let A, B, C (Fig 101) be three reservoirs connected by 
pipes as shown. Let Ij, d,, Q|, Vi be the length, diameter, 
discharge, and velocity in the pipe AX , d,, Qj, the same 

quantities for BX, and l^, dy Q,, for XC Suppose the 
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dimensions ind positions of the pipes known and the discharges 
required It a pressure column is introduced at the junction 
X the water will rise to a height XE and aE, &R cE will be 
the hydraulic gradients of the pipes If the surface level at 
E 18 above &, the reservoir A supplies B and 0 If the surface 
level at E is below h the reservoirs A and B supply C Con 



Fig 101 


sequently there are three cases— -(a) E abo\e 5 Qis=Q3 + Qs» 
(b) E level with h Qi = Q3 and Qj* 0 , (c) E below & Qi + 
Q5 = Q3 To determine which case has to be dealt with 
suppose XB closed by a sluice Then there is a simple mam 
of two diameters let be the heights of the surface 

le\el in A B and C above datum and h' the height of E on 
the assumption that XB is closed Then by § 95 eq ( 45 ) 

A, -A =0 1008^’, 

<i,s 

A - A. = 01008%/ 

But in the condition assumed Qj == Qj 

-W (10) 

h ~K W 

from which h' is easily calculated If then hf is greater than 
opening the sluice in XB will allow water to flow in o 
reservoir B, and the case is (a) But if h ' the case is( )i 
and if A' is less than Aj opening the sluice will admit jater 
from B to C and the case is (c) Having distinguished tliQ 
case tho problem can ho Bohch by approximation choking a 
new vnluo of A between A^ and and recalculating Vi <• 
and Qj The problem is sohed when with the assume >a uo 
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of h, the relations of the discharges are those stated above 
The approximation seems cumbrous, but is really easy 

109 Compound main — It is sometimes necessary to 
supplement part of a main by one or more mains laid near it, 
or between two points there may bo several mams through 
which water can flow. Such a system may be termed a 
compound main. Suppose the pomts A and B are connected 
by mains m, n, and p Let Q,, Qj, Qs be the discharges of the 
mains, di, d^, d^ their diameters, /j, If, /j their lengths, and h the 
vdrtual fall or difference of level of the hydraulic gradient 
between A and B The total discharge of the mains, from 
§ 95, eq (4a), is 




It is sometimes convenient to calculate the diameter of a single 
cqiuv alent mam having the same discharge as m, n, and p with 
the same virtual fall Let rf be its diameter and I its length 
Then 

'-"(yif-ytvtT 


( 11 ) 


If / = /, = L = /„ 




( 12 ) 


110 Hydraulic gradient of a pipe of variable diameter. 
— At a change of diameter, ulicre tlie velocity changes from 



t, to t-, there is a change of pnavurc head = 

(r,* — f j*)/2y, and nl‘« u'^ually a loss of head in chock, the 
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rtinount of which for difTcrcnt ca‘ 5 cs is discussed in § 97 
Suppose for Bimplicit) the Bhock losses neglected and that a 
mean mIuo is ‘^elected for the pipe fnction coefilcient ^ Let 
Fig 102 represent a main, the sections of \\hich haae 
diameters d,, f ?2 , and lengths /j, /j and let Q be 

the discharge The losccs of head due to pipe friction are 
R 95, cq (4!,)] 

/q = 0 1008Q{i, 

J.-O l008QvJ’ 


At U there bo n gam of pressure licstl clue to decrease 
of velocity from Vj to tj, at C and D there will be loss of 
pressure head due to increase of aelocity from tj to i, aud 
from tj to I 4 The aclocitics can ho calculated from the 
diameters and the discharge, and the changes of head are 



The pie&sure head lost in giving aelocity at the mlet is 

"With these quantities the hjdrauhc gradient can he drawn 
and the total head lost, or virtual fall of the pipe, is 


H = Aj + Aj + + ^ + + 

111 Cost of water-mains — The cost of water mains 
per foot run laid in the ground, with the ordinarily necessary 
appendages, is nearly proportional to the diameter, an 
about . 

C=5fito7d 

where C is in shillings aud d in feet It can he deduced 
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from till' lint it i' tnoro cconomicil to dclncr water from 
one point to another lir a nnt.lo pipe thin rcvcnl lienee 
more than one pipe rhonld W'=c<l onl) if tlio limit of fizg 
for a Finplo inj>o n mclifnl TIic co«t of the pipes to convey 
a giacti quantity of water from one point to nnolhcr is 
ns the total quantity to Iki conao}c<I is greater. The whole 
co't of a cli'tril iiling Fjflem l>clwocn given points increa'cs 
about ns the Jlli j'owcr of the aolutne of Water di'lributciL 
112 Corrosion and inemstation. — \\ith pome qualities 
of water, coiTO'ion of iron mama occurs. The cono'ion takes 
the form of nwlular or limi>cl •‘hajH^l masses, which in time 
become confluent and rciluec llie disclnrging capacitj of the 
mam, partly by rtslucing its cross fcclion and jvartly hj 
increasing the roughre«s. U ith tome other qualities of water 
incrustations of matter dcnatsl from the water, such as 
carbonate of lime, fonii on the pij»c and ha\c a Piinilar effect 
In the ease of pome mains the discharge decreases rather 
rapidly for some lime after thej are laid, m consequence of 
corrosion and incrustation The first c.a«c in which this was 
noticed wxs at Torquaj , where the mam had not been coated 
with asphalt, tlie idea I'Cing that the pure surface water from 
the Dartmoor hills would have Jiltlc action on the pipes 
But in eight jears the discharge had decreased 51 percent 
At tliat time Mr Appold suggested scraping the internal 
surface of the mam bj scrapers driacn tlirough by the water 
pressure. Tins plan was adopted and after scraping, the 
deliver) increased 28 per cent The plan has since been 
adopted in man) cases and the discharge has been increased 
by scraping b) from 28 to 82 per cent in diflerent cases. 
If Bcnping is adopted, howeacr, it requires to bo repeated, 
for the protectiae coating of rust and incrustation is removed, 
and thus though slowl), the pijio is worn away At Torquay 
the nodules of rust arc i to inch in height after twelve 
months (Ingham, Proc Inst Mech Engineers, 1873, 1899) 
In the case of Torquay the water from a granitic district has 
a senous action on iron, possibly from containing an acid 
derived from peat The matter rcmoied by scraping con- 
tains about 38 per cent of oxide of iron, 43 per cent of sandy 
matter deposited from the water, and 18 per cent of organic 
matter At Southampton, where the water is obtamed from 
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chalk wells, the mcrusUtioa consists of 98 cent of 
carbonate of lime, and a little sulphate of hme and iron oxide. 
lYeli Welters from the Old Red Sandstone do not cau'^o much 
corrosion or incrustation Soft water appears to haie greater 
action than hard water ^ 

The best protection against corrosion is to coat the pipes 
With what is known as Dr Angus Smith’s composition The 
pipes are heated in a cjhndrical stoac to about GOO* T. and 
then dipped in a batli of pitch and oil of such a consistency 
as to produce a tougli coating Hatural asphalt is preferred 
bp some, with enough creosote oil to giie a tough coat. In 
the case of steel pipes thep should be cleaned in a sulphunc 
acid bath followed bp one of lime water to neutralise the acid, 
and then dipped in the asphaltic composition kept at nearly 
boiling temperature 

Slime deposits in pipes carrying unfiUered water. — 
A serious decrease of discliargc occurred in the first length of 
mam of the Vprnwp ai^ueduct, which has been traced to the 
growth of an organic deposit, and no doubt the same cati'se 
has operated in other cases The orgam«ms arc brought into 
the piiw with the water and attach thcm«chcs to tlio pijv 
1 broad. like organisms with a gelatinous sheath deielop. and 
iron oxide is deposited m llie shcatljs, which continue to 
tliickcn Solid particles in the water aro cuight h) the 
gelatinous threads. Acidity oilier than carbonic acid always 
char.ictcrises water which produces this slnnc, and an 
.ipprcciuhlc quantity of iron m Folution. Mr G T Dtacon 
has Fuccetded in rtinoiing tlic slime deposit by a kind of 
f-crajH.r witli whalebone brushes wlath does not injure the 
pijH; (1 C l^rowii, J'rcKT Jnst RnyiarrrJ, 

113 Pipe aqueducts — TIie‘=o are usually of cast iron, 
Fonutiinos of stetl, and in Wo«iorn Amcnca of wood C»"t’ 
iron pijkcs do not ixcetd 18 ini-hcs djaincttr, are cu^t m 
I ngtiis of 9 or 12 f..t, and liivo spigot and roeX* t jnuil*, 
ilic joints 1-mg filhd with h id Soim tinu s the pij- l^nfith' 
hall plain iml-.and Iht joint is nude hy iirolhr finmng« 
doulh- f/\k(t in wlmh h id is run The pips an nhno'. 
alwus I hred in a tritich and tourisl to j'rot<<l t! < ni iron 

'll,: r, <r »»r S I tJi’'* cf ih- *■ U /v /*» * t 

. 1 . 1-1 : * 
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frost Ab a protection ngimst corrosion they nro Jicatcd and 
dipped ^crtlca^ 5 ' m a bith of pitcli and oU, winch forms a 
smooth hard coiling and reduces the fnctionil resistance to 
the flow of Neater Steel pipes are tnucii thinner, and therefore 
if corrodetl lo'«c proportionately more strength and arc more 
liable to deformation h} earth pressure Ihit m Bomo eases 
they cost less than cast iron, and can be mode of larger size 
They are made from plates riactcd, welded, or made ^sltll a 
special lochtng bar joint which is as strong as the solid plate 
They usually ha\c collar joints run with lead. 

A pipe aqueduct is earned up hill and down dale 
necessarily below the line of b^dmulic gradient, but otbcrwiso 
at any inclination adapted to the contour of the country, and 
m gome eases a greater aelocity may bo permitted in o pipe 
than would be suitable for on open conduit Changes of 
direction are eflbctcd by special bond pipes, or short straiglit 
lengths (about 3 feet) arc jointed b) double socketed bc\el 
collars about 12 inches long, the sockets being inclined to 
each other 

The appurtenances of a pipe line arc — (1) Air lahes, 
which are placed at c^cry summit in the pipe lino to permit 
the escape of air whoa tho mam is fiUed, and afterwards if any 
air IS carried into the mam They are also placed on long 
stretches of nearly level mam Tlicj are generally ball valves 
lighter than water, which close the air \ent so long as thej 
are immersed, but which drop and open the air \cnt if air 
accumulates. (2) Scour lalics arc placed at the bottom of 
all depressions for emptying the main or letting out sediment 

(3) Rejluz xalxes on ascending parts of the mam are flap 
halves which open in the direction of flow, but which 
aotomaficaffy close if a burst occurs and the water flows baci: 
They dimmish the damage done by escape of water at a burst 

(4) Momentum xalies are also intended to limit the escape of 
water at a burst A disc is placed in the pipe on an arm, 
counterweighted so that it is not moved by the ordinary flow 
of water If a burst occurs the accelerated flow presses back 
the dise, and the arm releases a catch, and another set of 
weights cause a disc throttle valve m the pipe to close 
gradually and arrest the flow of the water (5) Sluice stop 
valves worked by hand or by a hydraulic cylinder for closing 
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the main or regulating the flow. In the case of largo mains 
tho pressure on a large 6luice>\alto is \ery great, and tho 
force required to mo^e the sluico vrhen starting from the 
closed position is %ery great Thus on a 36-inch \al\o, under 
250 feet of head the pressure would bo nearly 50 tons, and 
the frictional resistance to mo\ing the \al\e pcrliaps 7 tons. 
To facilitate opening, the \ahe is sometimes diiidod into 
three parts «Iiich can be opened separately In otiier ca^es 
the %aho is made about onc-third the area of tlio pipe Tho 
pipe is gradually contracted to tlie area of the aahe and 
gradually enlarged again. Then, though tliero is some Iocs of 
liead at the ^aho it is not \ciy senous 

In a long mam tho flow is usually controlled b) a sluice 
at the lower end In that case, nithongli the pressure in tiio 
main when water is flowing is only tho pressure duo to 
tho dcptii below the hydraulic gradient, jet when tlio sluice is 
closed and the water at rest, tho pressure is tiiat duo to tlio 
depth below the 6upj)l> rcscrroir. Ihc strength of tho pi|>cs 
must therefore be sullicient to sustain at all parts tho etatical 
pressure Jut to tho depth below top watcr-le\cl in tlio rc^craoir 
In tho ca<ie of llic I'lst .ler^e) mam, Mr JIcr«chel his phcod 
the controlling sUiico at tlic inlet to tho mam, directions for 
rtgulitmg It being traiiMnitted from the outlet end 
t* lepliont In that cast the prca«<uro iii tho in un cannot 
(xcttnl at an) point tlio prc*=sure due to the depth KIow the 
h)driul:c gradiLiit The adoption of thn pi in jH-fniiti a 
material taaing of thicknc‘« and cost in the pijxs 

111 Examples of pipe aqueducts —(1) Tho Vym'vy 
aqueduct — This aqueduct cirrus 10 million g'ajjonsjxr th) 
from tin rcTcoir at Varnw) to n FcrMc*' ris.noir nt 
I.ntrpx)!, ft disimc of CS iiiih s, I lie water first pi'- ' ’ 
llmaigh tlu Him Hit lunmlof 7 h** I di inn ti r iind 3900 ) »nN 
1 )iij, ami fur mtrly the wliol of lla rest of the di‘'an‘'' 
Ihroiu'h thns Iims of i i«l mm pip s, t » h 12 t(» ,19 inrli'S 
in tIniii>Ur As ih<* laid on the nnin woiiU !»' 

I xc« MCi if ih pip* lim w »s c^mtinuou-*, the t'til fdl fr» > 
V\niwy to I’K • « : 1- lit,; '•''0 f«. t I dim:n„' r* •« m in 1 
U-. M (T i*'i t« I at h»i p ml-* I n d III,; the } ip h' n 
.In'*’*' I I h 1 I'liu* Its iwn Indnulr f-’nli nl 1 ® 

• I .■•i'l d j 'ure d i !«• if i I wl in H ' tr -m ’ 


r IT! 
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feeding it. The greatest pressure at an) point is 317 feet of 
head. One of the 42-inch pipe lines, after being laid tuclvo 
years, with an hydraulic gradient of 4 5 feet per mile, dis- 
charged 15 million gallons per day This gi\cs a velocity of 
2 892 feet per second, and a cocflicicnt f = 0 00574 

(2) East Jersey steel aqueduct, for the suppi) of 
Newark and other tow ns m New Jersey, U S A — This consists 
of a steel nacted main, 48 inches in diameter and 21 miles 
long, with a maximum pressure of 340 feet of head. It 
deluers 50 million US gallons per day, the aclocit) in the 
mam being about 6 feet per second The chief pcculiant) of 
this mam is that tho cross joints arc meted, so that the pipe 
is a continuous nveted structure without proaision for expan- 
sion. It IS calculated that the cross joints arc strong enough to 
resist the stresses due to 45* f change of temperature without 
allowing for any assistance from the fiiction of the ground 

(3) The Coolgardie pipe line — Tho longest pipe line is 
that through which water is pumped from a reservoir at Perth 
to Coolgardie and Kalgoorhe, Western Australia. Coolgardie is 
on a tableland which is one of tho driest places in the world 
A daily supply of 5,600,000 gallons is pumped through a 
30-inch steel pipe of tlic locking bar construction with collar 
joints run with lead. There ore eight pumping stations 
The distance from the storage rescr\oir to the service reservoir 
at Coolgardie is 308 miles, and there is a rise of 1290 feet m 
that distance From the service reservoir the water gravitates, 
the total length from Perth being 36 miles Most of the pipes 
are ^ inch thick, which is sulGcicnt for heads up to 250 feet 
They were coated with a mixture of one part asphalt and one 
part coal tar, and sprinkled on tho outside with sand while 
hot In a test the following results were obtained, the pipes 
being new and clean — 


Hydraalic Gradient. 

Veloaty 

Dehrery 

Value of f 

Feet per Mile 

Feet per Second. 

Gallons per Day 

2 25 

1 889 

6,000 000 

00480 

2 80 

2 115 

6,600,000 

00476 


In arranging the pumping plant a loss of head of 3 76 

13 
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feet per mile has been allowed for, to provide agimst 
contingencies. 

115 Pumping mam — It is a common case that \Nater 
has to be raised by pumping from a rncr to a reservoir, from 
winch It giavitates to the town supplied In that ca^e the 
lift of the pumps H is known, the length of the pumping 
main I, and the volume Q which must be pumped per second 
In deciding on the diameter of the rising mam, it must bo 
considered that while the smaller the main the le‘?s its cost, on 
the other hand the greater will be the cost of the pumping 
engines and the annual cost of pumping, because the frictional 
head to be overcome will be increased Usually, for various 
reasons the velocity in the pumping mam is restricted to from 
1^ to 4 feet per second, but withm these limits a diameter of 
mam can be found which is the most economical 
Let 

I = length of mam in feet 
Q s= volume pumped in cubic feet per second 
d as diameter of main in feet 
n 8= total lift from river to reservoir 
h Es frictional loss of head in mam. 
p as cost per I H P of pumping engines, including tbo 
capitalised cost of maintcnnnce and working 
q s= tlio cost of the main per foot of diameter and per 
foot of length, including cost of lajmg 
N = tot il I II P of the ]iumpmg engines. 

7) = the mechanical tllicicncy of the engines 
Tlic total cost of the lustnlhtion of engines and main is 

<7»piV + yd' 

The frictional lo'^s of head in the mam is 

Cun«c«iucntl) 

Iti“* rting this V due, 
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where d is the only \ari'iblc Differentiating and equating 
to zero, 

_ 

In practice, is from 0 75 to 1 0 For instance, in the 

Coolgardie mam 

rf / N ^^0 78 

116 Suction pipe of pumps — Let h be the height of 
the water barometer or atmosphenc pressure in feet of water, 
and h the height from the water-level m the suction well to 
the bucket of the pump h must be less than h in any case, 
or pumping is impossible Let ft be the area of the pump 
bucket and <u the area of the suction pipe, r the radius of the 
crank and n the number of revolutions per minute. The 
average speed of the crank pm is «= 2^a/C0 feet per second, 
and the connecting rod being supposed long the ^ elocity of the 
pump bucket is v #= « sm a, where a is the crank angle from 
the lower dead point The acceleration of the pump bucket 
at the beginning of its stroke is /= u^jr The corresponding 
acceleration of the water in the suction pipe is 



Let I bo the length of suction pipe. The weight of the uater 
which must be accelerated is Gtal The pressure acting on 
the water to make it follow the piston is G(6 — h)w, and this 
will produce an acceleration 

Gjh-h )^ _ {b-h)g 
Gwl t 

In order that the >\atcr niij follo\\ the pump bucket, 

(b - A)i? = fl «" 

I > « r 

Substituting for u its ^alue nbo\e the greatest speed of the 
pump is gnen by tlio relation 



If the speed exceeds this the water will separate from tlie 
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feet per mile has been allowed for, to provide against 
contingencies 

115 Pumping^ maiH' — It is a common case that water 
has to be raised by pumping from a river to a reservoir, from 
which it gravitates to the town supplied In that case the 
lift of the pumps H is known, the length of the pumping 
main and the volume Q which must be pumped per second 
In deciding on the diameter of the rising mam, it must be 
considered that while the smaller the mam the less its cost, on 
the other hand the greater will be the cost of the pumping 
engines and the anumal cost of pumping, because the frictional 
head to be overcome will be increased. Usually, for various 
reasons, the velocity in the pumping mam is restricted to from 
1^ to 4 feet per second, but within these limits a diameter of 
mam can be found which is the most economical 
Let 

I s length of mam in feet 
Q = volume pumped m cubic feet per second 
d diameter of mam m feet 
H « total lift from river to reservoir 
h =» frictional loss of head m main 
p cost per I H P. of pumping engines, including the 
capitalised cost of maintenance and working 
5 = the cost of the roam per foot of diameter and per 
foot of length, including cost of laying 
N = total I.H P. of the pumping engines 
rj = the mechanical cificicncy of the engines 
The total cost of the installation of engines and main is 

Cf 

The frictional loss of head m the mam is 

i = 0 ] 008 i^ 

a* 

Consequently 

N = e«li±A) = 02259 (h + 0 looem 

bOOt] ' ' 

Iiwerting this Milue, 

C= U3^(ll + 01006-^/) + }«. 
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where d is the onlj \amble Difilrcntiating and equating 
to zero, 

_ <») 

In practice, rf/VQ is from 0 75 to 1 0 For instance, in the 
Coolgardie mam 

d/N'Q = 0 78 

116 Suction pipe of pumps — Let h be the height of 
the water barometer or atmosplienc pressure m feet of water, 
and h, the heiglit from the water-level in the suction well to 
the bucket of the pump h must be less than h in any case, 
or pumping is impossible. Let fl be the area of the pump 
bucket and &» the area of the suction pipe, r the radius of the 
crank and n the number of revolutions per minute The 
a\erage speed of the crank pm is 2rTn/G0 feet per second 
and the connecting rod being supposed long tlie aelocity of the 
pump bucket is sin a, where a is the crank angle from 
the lower dead point The acceleration of the pump bucket 
at the bogmmng of its stroke is /saw^/r The corresponding 
acceleration of the water in tbc suction pipe is 



Let I be the length of suction pipe. The weight of the water 
which must be accelerated is Gatl The pressure acting on 
the water to make it follow the piston is G(6 — and this 
will produce an acceleration 

G(6-A)«7 {b~h)g 
Gud “ I 

In order that the water may follow the pump bucket, 

(& - — fi li* 

~i~ >Z7 

Substituting for u its mIuo above the greatest speed of the 
pump IS given by the relation 

If the speed exceeds this the water will separate from the 
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bucket at tlio beginning of the stroke and o^c^takc it after* 
wards witli a shock. This may be pro\cnted by incroi'ing 
the area &j of tlic suction pijie, or to a great extent by placing 
an air vessel on the suction pijic near the pump 

117. Water hammer. — Wlien a\nl\e in a long water* 
mam is rapidly closed, the xelocity of the column of watir 
behind tlic aalao is retanle<l and its morrienturn is (le-trouxl 
To clnngc the jnojncntuin of tho aaater, a backwanl foito nni^t 
bo exerted by the aalae on the \a.iter, or ton\Lrvely a fon'anl 
pressure is exerted by tho aaater on tlic aala’u and pil*e, aahicli, 
if tho action is rapid enough, produces a shock termed aa »ter 
hammer. This action is dungeroiH, and umscs in inana t w’-'S 
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inches m diameter, with a ^inch bib-cock nfc the end The 
following were the pressures registered when the cock was 
suddenly closed There was a small air chamber near the 
valve, which in one set of tests was filled with air and m 
another with water 


GAUor Pressures rv Pipe 



Air Ctiimbcr 

M «ter Chamber 

Static pressure, lbs. per eq in 

29 

28 

Kumber of impacts 

8 

9 

Maximum preaure 

07 

76 

Minimum pressure 

G 

9 


Consider a column of water m the pipe of unit cross 
section, extending back from the vah o a distance I feet The 
weight of this column is Gl lbs If the initial velocity of 
the water is t, the momentum of the column is Glvfi; second 
pounds If pn 18 the mean pressure per unit area exerted in 
stopping the momentum and t the time of closing the valve, 

Pmt = GUfff 

The maximum excess pressure exerted is Po+P'’Pi} and if 
the mean pressure is taken to be half this 

(P«+p-Pi)^=2G/r/? 
p^2Glv/gt~po+Pi (16) 

The rate u at which a pressure wave is transmitted through 
water is about 4500 feet per second. Hence l/u seconds must 
be occupied before the effect of closwg the rali'e reaches the 
distance I from the valve and a further time Ifu for the 
pressure due to changing momentum at a distance I is trans 
mitted back to the \alve. Hence if the time of closing the 
valve IS less than 2//« that time must be substituted for t 
in the equation and then 

p=Gni/g-P(, + pj (17) 

Putting in the numerical quantities and taking the pressures 
m pounds per square inch and the velocities in feet per second, 
the equations become 




p=0 O^Hvjt - + pj, 

The first equation is to be used if t is greater than ?/2250 
seconds This equation gives = 0, if 


i = or 


027/y 

^Vq-Ti 


(18), 


ivhich is the condition to be satisfied in closing the \alve if 
there is to be no water hammer The theory involves some 
assumptions, and must be taken only as a general guide 

Some very elaborate experiments on water hammer in 
pipes were made by Joukowsky at Moscow {Stoss in Wasser 
leitungsrohren, St Petersburg, 1900) He used pipes 2, 4, 
and 6 inches in diameter, and 2494, 1050, and 1066 feet in 
length The valve was closed in 0 03 second. Ten recording 
gauges placed along the pipes showed that the maximum 
pressures were substantially the same at all points 
The following table gives some of the results — 





chapteh X 


LATEn INVESTIGATIONS OF FLOW IN PIPES 


118 The different elementary streams which go to form the 
flow through a pipe have different velocities parallel to the 
axis of the pipe , those near the sides ore retaided by what is 
often termed skin friction, and these in turn retard those 
adjacent to them, and so on till the central elementary stream 
18 reached, which has the greatest \clocity It has not been 
found possible to construct a rational theory of flow which 
takes account of this distribution of lelocity, except at very 
low velocities. But experiment sho^s that the resistance to 
flowinNohcsa loss of energy or head Inch is proportional 
to the area of the surface of the pipe and to some function of 
the mean >elocit} parallel to the axis of the pipe The 
assumption on which the Chez) forimiln is based is that 


d h 
A r 


( 1 ). 


the resistance ^a^}lng directly as the stjuaro of the lelocit}. 
In a memoir by Proiij in 1804,di'!cussing all the experiments 
then made, that engineer suf^o^ted the expression 
d h 


= or*U^ 


( 2 ). 


in vluch, for metric inci«urc«, 

a = 0-0000173, t = 0-000313, 
and for English nua'uxx^, 

<1 = 0 0000173, f = 0 0001 0\ 

corn.«j‘onding to {■*= 00713 at 3 ftxl p<.r woni This 
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bmomnl etpression is exceedingly inconvenient for calculation 
It meets the condition that nt low \olocitics the resistance 
xancs as the velocity, and that at high \elocitie3 it \nncs 
nearly as the square of the velocity, but it makes the transition 
gradual, a\hercas it is noi\ knonn to be abrupt 

119 Kutter’s formula for pipes — jfessrs. Ganguillet 
and Kutter, in a laborious investigation on the results of tlic 
gauging of streams, armed at the following complicated 
empirical formula Let n be a coeflicicnt of roughness dt 
pending on tho character of the surface of tlio pipe, and m its 
hydraulic mean radius, t tho airtual slope, and i tho mean 
aelocity, then, for English measures. 


1 811 00281 




( 3 )- 


There is no good reason for thinking that this formula is 
specially accurate for tlow in pipes. Indeed, it is known not 
to acconl with ctporiment for small \nlues of t or for small 
diameters of pipe But it has Imxjii adopted b) some tnginitP’ 
and therefore requires to be meiitioiicd I lie usml Nalue of n 
assumed for clean pipes is 0 013 If in tho term 0 002Sl/i 

whitli IS usuallj rclalncly unall, I is taken ns 0 001, and n 
13 taken nt 0 013, tlio fttnmiJn retluccs to the simplLr form 


ipa 72 

0 aTTa 




vri 


or, to put It in 
f<pntif ns 


ftjnn ciiiil'arahle with the mon 

(3j) 






^ 1 } . fir* I' rm i n iht 1 ft r*rn'i>- ndi to C in ll e Clr'X 
f *•! mil. 
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Knltcr a value of 


loches. 

FeeU 

f 

3 

25 

0200 

6 

6 

0132 

12 

1 0 

0089 

24 

20 

0063 

36 

3 0 

00S3 

48 

4 0 

0047 


120 Defects of the Chezy formula* — The Chezj 
formula is extremely convenient, but involves, if reasonable 
accuracy is lequired, the selection of the coefficient f amongst 
a wide range of values The \anation of depends on the 
following conditions — 

(1) In the case of most pipes the loss of head h does not 
increase so fast as the square of the velocity r Consequently 
f must have values which decrease as the velocitj is greater 

For instance, m a glass pipe on which Darcj expenraented, 
f changed from 0 010 for a velocity of half a foot per second, 
to 0 0062 for a velocitj of 7 feet per second a decrease of 
38 per cent In a now cast-iron pipe ^ decreased from 0 0114 
at half a foot per second to 0 0064 at 10 feet per second or 
a decrease of 50 per cent 

(2) Darcy showed that f decreases as the size of the pipe 
IS larger Thus taking Darcy s experiments on new cast 
iron pipes — 


Velocities 

Values of f for D ameters of 

Feet per Second 

0 27 feet 

0 45 feet 

0 62 feet 

06 

0114 

0073 

0059 

100 

0064 

0049 

0054 


The results are not quite consistent but they show a 
considerable decrease in f as d increases 

(3) The value of ^ clianges with the condition of the 
mside of the pipe lor asphalted, new, and corroded pipes 
the values of f were proportional to 1, and 3 in some of 
Darcy’s experiments 

' Tie discussion given Jiere in abbreviated form was published by the 
author in Jtidastrus m 188S 




202 


HYDRAULICS 


ClliP 


(4) The expenmeats of Mr Mair, agreeing with the 
author’s own experiments on discs, show that the resistance 
decreases as the temperature increases Thus, for a clean 
brass pipe, 1— inches diameter, Mr Mair obtained the follow- 
ing \alues — 


At X elocities in 
Feet per Second of 

Xalnes of fforTemj eraturcs of 

56* 

90* 

160’ 

6l 

0047 

0042 

0035 

41 

0052 

0044 

0038 






Alterations of at least 25 per cent for 100® I' 

A coefficient which has four independent causes of Mni- 
tion, all of them so large, is not ler)’ useful for pncticil 
purposes To get o\er the difficulty, a formula must be found 
with more tlian one constant deri\cd from experiment, and 
which expresses more nearly the true law of resistance 

It IS man} }e'ir3 since Barrd de St Vcnint proposed 
a formula witli two arbitrary constants Tins is of the form 


d h 

4 r 


(4). 


where in and n are constants dc^^ed from the expenments 
M dc St Venant deduced the ^al«es« = V and M = 0 0002955 

I 

for metric and 0 0001205 for Lnghsh nicasurts When this 
13 written in logarithmic form, 

log t;i + n Iogr= log 


( 5 ) 


wc lm\e, ns St Venant pomttd out the equation to a straight 
line, of which m is the ortlinato nt the origin and n the ratio 
of Ihi, pIoiw' Iltnco, if llit logaritliins of n pf'ries of txitri 
Hunt il aalucs of h and r are j)lotte<l the dclorrnin ilmn of the 
constants is n-diiccd to fimling th< utriight line whicli nio»- 
nearl} jii=sj-s through the plotUa! |oints 

Inn remarJ aid m moir on tlio inflm nc of t'lnp future 
on Ih rnovitn nt of wat« r in pijv's 1} Ila^en (It rim Ih •^) 
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another modification 
this IS 


of the St Venant formula was given , 


h _rnr^ 


( 6 ) 


This involves three coefficients, derived from experiment In 
the experiments examined by Hagen, he found 


so that 


n = 1 75, a: = 1 25 , 



(6a), 


in which m was nearly independent of variations both of 
V and of d But the range of values of d examined was 
small 

It is obvious that this form of the equation of flow is 
very advantageous, even regarded as an empirical formula, 
for the three constants, n, x, and m, can be taken so as 
separately to allow for the three principal causes of variation 
of resistance the variation of velocity, of diameter, and of 
roughness of surface 

In a very interesting paper m the TTansactxons of the 
Itoyal Society, 1883, Professor Bcjnolds has made clearer the 
causes of the change in the character of the motion of water, 
from the regular streamline motion at low velocities to the 
eddying motion which occurs in almost all the cases with 
v\hich the engineer has to deal 1 urther partly bj reasoning, 
partly by induction from the form of the curves of experi- 
ments when plotted, he has suggested the general equation 
h /jjhy 

ns applicable both to the case of undisturbed motion and of 
eddying motion The constant n having the value 1 for low 
velocities and undisturbed motion and a value ranging from 
1 7 to 2 for greater velocities Professor Kcvnolds’s formula 
reduces to the form 


^\hc^e P IS a function of the temj'orature. Neglectin' 



204 


hydraulics 


CHAP 


variations of temperature. Professor Peynolds’s formula is 
identical, for velocities not very small, with Hagen’s formula, 
with the exception only that in Kejnolds’s formula the indices 
of d and of v are related, so that there are only two indepen 
dent constants instead of three For the purpose of obtaining 
the coefficients from experiment, Hagen’s formula is the more 
convenient 

121 The experimental data available — The earliest 
experiments on flow in pipes were made by Couplet in 1732, 
and since that time a considerable number of experiments 
have been made In selecting from these it must be borne 
in mind that it is extremely desirable to exclude from in 
vestigation any experiments that are really untrustworth} 
No good result can be got by a\eraging accurate and erroneous 
results On the other hand, it would be absolutely wrong 
m principle to exclude results from examination merely 
because they did not appear to fit m well with some empincil 
law 

All experiments may be at once excluded in which the 
means of measuring the loss of the head or the quantity 
discharged were unsatisfactorj Ail experiments may also 
be excluded in which the condition of the surface of the pipe 
was not noted With these exclusions, the number of expen* 
ments reraaming to be examined is greatly reduced 

Of these experiments, by far the most complete and 
valuable is the series of experiments on 17 pipes by Henry 
Darcy The care and insight witli which these experiments 
were made, and the skilful variation of the conditions of the 
experiment, are worthy of the highest praise Of all the 
conditions to be noted in experimenting, there is only one 
the importance of which did not occur to Darcy In many 
cases he neglected to observe the temperature of the water 

There is, howe^cr, one anomaly in Darc}’s experiments 
winch cannot now be fully explained and the nature of which 
can perhaps best be seen m the plottings of some of Ins 
results. Darcy measured tlic loss of head in two successive 
50'inctre lengths of Ins pjpea Now, in almost all cases Ins 
results show a rather greater loss in the second 50 metre 
lengtlj than in the first, and this is really not intclhgibl'^ 

On the whole, the author is inclined to tliink that the 
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measurements in the first 50 tnclrc length nrc more reliable 
than tboco m the recontl and onl) the nieisurcmcnla of 
head lo't in the fir^l 50 -metre length arc u^cd in these 

reductions 

Irom Darcy's experiments Imc been taken the results 
on nevT, cleaned, and incrusted cast-iron pipes, those on 
wrougbt-iron gas-pipes, and those on lead pipes. TJieso 
pipes range*! in diameter from 0 0122 to 0 5 metre, or as 
40 to 1 I'or each pipe the expeninents began nith a aciy 
small loss of head, often onl) 0 02 metre in 60 metres. The 
author has excluded the obseraations m which the loss of head 
was less than 0 1 metre parti) because some of the experi- 
ments with these scry smiU heads corrc-spond to conditions 
of undisturbed motion for which the law is difftrcnt and 
partly bec.au«o the errors in obscning \er) pmall lieads arc 
likcl) to bo rolaliicl) large Up to C metres of head the 
heights were measured h) a water column, and beyoud that 
by a mcrcur) column. Xow, as the obscrialions with the 
wotcr gauge gi\c ample range of sclocilies for tlio purpose 
m band, and os the obscnations with the mercury gauge at 
high aelocitics were, ns Dare) mcutions, carried out with 
great difficult), the fonner onl) base been u^cd in these 
reductions ^Vlth a loss of head sailing from 0 1 metre to 
0 metres, the aelocitics ranged in different cases from 0 1 
metre per second to 5 metres per second a %ery ample range 
for examination. 

Of other experiments aiailablc, the early (1771) experi- 
ments of Bossut on the flow in tin pipes seem very trust 
worthy, and give values of the constants for a ver) clean 
and smooth surface. These extend oier a considerable range 
of velocity 

Dr Lampe’s experiments on the Dantzig mam are ex- 
tremely useful, from the care with which they were earned 
out, and the fact that they arc on a large scale 

Of other experiments tho most aaluable are the American 
data collected in Mr Hamilton Smith s Hydraulics Of these, 
there is a aery valuable experiment by Mr Stearns on a cast- 
iron asphalted pipe, metres in diameter Mr Hamilton 
Smith’s own experiments are also very useful as fillmg up 
and extending the senes of results from other sources. This 
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variations of temperature, Professor iRejnolds’s formula is 
identical for velocities notierj small, with Hagen’s formula, 
with the exception only that in Ee^nolds’s formula the indices 
of d and of v are related, so that there are onl} two indcpcn 
dent constants instead of threa for tlie purpose of obtaining 
the coefficients from experiment, Hagen’s formula is tlie more 
convenient 

121 The expenmental data available — The earliest 
experiments on flow in pipes were made by Couplet in 1732, 
and since that time a considerable number of experiments 
ha\c been made In selcctmg from these it must be borne 
ID mind that it is extreme!} desirable to exclude from in 
aestigation any experiments that are really untnistworth) 
Ho good lesult Ccan be got by aacraging accurate and erroneous 
results On the otlier hand, it would bo absolutely wrong 
m principle to exclude results from examination mcrcl} 
because they did not appear to fit in well with some cmpirinl 
law 


All experiments maj bo at once excluded in wliicli the 
means of measuring the loss of the licad or the quanlit} 
discharged were unsatisfactory All experiments nm} aho 
bo excluded in which the condition of the surface of the pijo 
was not noted With these exclusions, the number of expori* 
ments rtinaming to be cxaininid is grcatl} reduced 

Of these experiments b} fir the most complete and 
nluable is tJjo series of cxpcrinients on 3 7 pipes by Hcnr} 
Darcy The ciro and insight with which thc'-o cxpcrinicnCi 
wen, made and the skilful inrmtion of the conditions of the 
experniicnt are worth} of tlio highest pni'^c Of all the 
conditions to be noted in cxpcnincnting tliero is onl} om’ 
the import mcc of which did not occur to Dirty In nmri} 
cases he neglected to ob«cne the teinpernturc of the w dcr 
Thf'rt IS lioweecr one niiomni} in Direi’s rxj*onimnt^ 
which cannot now Iw full} explained and the intun of winch 
cm iKfhaps l>ost Ihj Feen in the plottings of fonio tf Ins 
results. Dircy im i‘'und the of hncl in two 
50 metre I'fip,{hs of his How, in all ci* Ins 

result' fliou a rather gn itcr Iom m Iht F*'C<'nd fOni'trr 
I nglh thin in th* ilr«t and tins is mil} n< t iritilhg*!* 
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measurements in the first 60 metre length are more rehable 
than those in the second, and only the measurements of 
head lost in the first 50-metre length are used in these 
reductions 

From Darcy’s experiments have been taken the results 
on new, cleaned, and incrusted cast-iron pipes, those on 
wrought-iron gas-pipes, and those on lead pipes These 
pipes ranged in diameter from 00122 to 05 metre, or as 
40 to 1 For each pipe the experiments began with a very 
small loss of head, often only 0 02 metre in 50 metres The 
author has excluded the observations in which the loss of head 
was less than 0 1 metre, partly because some of the experi- 
ments with these very small heads correspond to conditions 
of undisturbed motion, for which the law is different, and 
partly because the errors in observing very small heads are 
likely to be relatively large Up to 6 metres of head the 
heights were measured by a water column, and beyond that 
by a mercury column Now, as the observations with the 
water gauge give ample range of velocities foi the purpose 
m hand, and as the observations with the mercury gauge at 
high velocities were, as Darcy mentions corned out with 
great difficulty, the former only have been used m these 
reductions With a loss of head varying from 0 1 metre to 
G metres, the velocities ranged in different cases from 0 1 
metre per second to 5 metres per s«iond, a very ample range 
for examination 

Of other experiments available, the early (1771) experi- 
ments of Bossut on the flow m tin pipes seem very trust- 
worthy, and give values of the constants for a verj clean 
and smooth surfaca These extend over a considerable range 
of velocit} 

Dr Lampe’s experiments on the Dantzig mam arc ex- 
tremely useful, from the care with which thej were earned 
out, and the fact tliat tliey are on a large scale 

Of other experiments, the most valuable are the American 
data collected in ilr IlnmiUon Smith's Itydrauhes Of tliesc, 
there is a verj valuable experiment bj Sir Stearns on a cast- 
irou asphalted pipe, 1^ metres in diameter Mr Hamilton 
Smith’s own experiments are also vtr} useful, ns filling up 
nud extending the scries of results from other sources. This 
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makes the range of diameters of new pipes, on which expcn 
ments are luailable, to extend from 0 266 metre to 1219 
metres 

Then there are some experiments on small wrought iron 
gas pipes, which are useful for comparison witli Darc}’s, and 
some experiments on large wrought iron meted water-mams 
122 Method of dealing with the experimental data. — 
The greater part of the experimental lesults are found origin 
ally in metric measures Hence it was convenient to plot the 
results m metric measures, and to obtain constants for a 
formula in metnc measures These constants were finallv 
converted to English measures 

Taking Hagen’s foimula (6), and writing it loganthmic- 

allj/ 

log A = R log w + log ~ + log ” (8), 

m which for anj given pipe the second and third tenns on the 
nglit are constants This is an equation to a straiglit line 
having log ^or the ordinate at tlio origin, and a 

slope of n to 1. For all the expcnmcntal data, arranged 
in groups according to the tjpe of pipe, values of log A wore 
plotted as abscissas and values of log v as ordiiiatc'’, h and t 
being taken in metric units One of t!ic«c plottings I'i given 
on a reduced scale in I'lg 104 The values of n corrc‘<pond 
iiig to the average slope of tho lines nro given in the follovsing 
table' — 

* lor each of Iho Darej J two Iine« sro {{ottetl, the full line corTfJp''® ^ 
to obsert stions in the Cr*t, iind tl c dotted to tl oic in the eecon 1 •'0 metre 
fenpt/i 


(Taiie. 
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Clean Tinplate Pipes 


Bosscrr 

Diam =0 0360S 
2 = 0 655? 

n=l 72 
<=f50‘P 

m. 

BosSlT 

Diam s 05441 m 

2=0 «2 
rt = I 72 
t=67'F 


h 

Obser^ 

Calc. 

V 

Obset^ 

A 

, Calc. 

3401 

2700 

2615 

4435 

2650 

2594 

3807 

3220 

3174 

4956 

3140 

3139 

4364 

3980 

4015 

5608 

3865 

3864 

5U4 

5380 

5273 

6431 

6005 

4916 

5126 

•5210 

529 

6692 

526 

5268 

5694 

6410 

634 

7439 

623 

631 

6324 

7540 

760 

7912 

710 

•702 

6498 

7915 

796 

8366 

764 

773 

7698 

10345 

1 042 

9685 

967 

994 1 

8978 

13470 

1389 

1091 

1 194 

1222 1 

9333 

1 494 

1484 

1 164 

2 398 1 

2 365 

1 314 

2 649 

2 672 

1 695 

2 324 1 

2 345 


Eiteted W^rouobt Irov 


HAAiii-TOf Suits 
piaai. ;=0 2776 m. 

1=0 0822 
« = 1 87 

I«55'P 

Hawiltov Smith 

Dam =;0 3219 m 
^=0 0701 
»al 87 

1*55* P 

' 


h 

V 


h 


Obsprv 

Calc 


Obserr 

Calc 

1 430 

425 

413 

1401 

334 

337 

1858 

C67 

667 

S 121 

714 

732 

2U1 

847 

648 

2 635 

1 109 

1 098 

2 039 

1279 

I 287 

3263 

1 659 

1 C38 

3 054 

1 654 

1 691 
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lUvETED WnoDCHT Irox — Continued 


IlAUILTOV SUITR. 

Dum. =0*3749 m. 
^=0 549 
n = l*fi7 
< = 65* F. 

Hamilto 

OiAm.=0 656S m. 
^=00260 
n=l-87 
t } 

•( Smith. 

DiAm.= 0*4316 m. 

^ = 0*0440 
d* 

n = l 87 
t 1 

V 

1'33G 

2084 

2229 

2D7fl 

3 228 
3G84 

/ 

Obserr. 

•251 

■549 

•C13 

•823 

1235 

lOlG 

Calc. 

•241 

•663 

•C27 

•824 

1264 

1-C06 

« 

3841 

A 

Observ. 1 Calc. 
•821 821 

p 

C‘139 

A 

Obserr, Calc. 

3 33G 3 33G 




210 


HTDSAVLWS 


CHAP 


Clean Tinplate Pipes 


Bossut 

Diaro =0 03608 m 

S=0 6557 
d* 

n=l 72 
< = 50‘ F 

BossUT 

Diam = 05441 m 
_^=0 412 

fl* 

n = l 72 
/a67*F 

V 

* 



h 


Observ 

Calc 


Ohserr 

Calc 

3401 

2700 

2616 

4435 

2660 

2594 

3807 

3220 

3174 

4956 

3140 

3139 

4364 

3980 

4015 

5606 

3866 

3884 

0114 

6380 

5273 

6431 

5006 

4916 

512G 

5210 

529 

6632 

526 

5269 

5694 

6410 

634 

7439 

633 

631 

6334 

7540 

760 

7913 

7J0 

702 

6498 

7915 

796 

8366 

764 

773 

7698 

10345 

1 042 

9685 

987 

994 

8978 

13470 

1 389 

1091 

1 194 

1223 

9333 

1494 

I 484 

1 164 

1396 

1365 

1 314 

2 649 

2 672 

1595 

2 324 

2 345 


Btvztep Wrovobt Iron 


fliuiLTOv Smith 

Piam. = 0 2776 tn 
^=0 0823 
«=1 87 
<=55* r 

llAinLTnH Smith 

Pum ::s0 3219 m 
^=0 0704 

n = l 87 
^s55'F 



K 

V 




Observ 

Calc 


Observ 

CJc 

1 436 

425 

413 

I 401 

334 

337 

1 868 

667 

667 

2 121 

714 

732 

2111 

847 

848 

2635 

1 109 

1-098 

2 6*19 

1279 

1287 

3 262 

1 659 

1 038 

3 054 

1 C54 

1691 
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CtEAXED Cast Iron 


Parct 

Djam.ssO'OSOl in 
^=0 3912 
n=2-0 

t probably 45* F 

Darct 

Dum.=0^447 tn. 
S=010S2 

n=20 

t ptroUbly 60* F 

Darct 

Diam.sO'297 m. 
^=0-0770 
n=2-0 

4=70* F 


* 

« 

/ 



* 


Obn. 

Ctle. 


Otrt. 

Calc. 


Obt. 

CaIc. 

385 

148 

148 

•949 

245 

£48 

823 

125 

133 

G14 

370 

376 

1 420 

565 

556 

1 155 

255 

262 

C24 

376 

389 

1 904 

1 000 

1 000 

I 652 

535 

536 

864 

705 

745 

2 206 

1 350 

1 343 

2 390 

1 170 

1 122 

1 248 

1 51 

1 653 

2 572 

1 840 

1 825 

2 799 

1 670 

1 539 

1 620 

2 30 

2 324 

4 497 

5 505 

5 581 

3 160 

2-022 

1 062 


Ikcrcsted Cast Inov 


DUm. 

d 

Darct 
eO 359 m. 

el 8151 

e20 
= 45* F 

Darct 

Piaa 32 011795 tn. 
SbO-C'OS 

n^2-0 

( probably 45* F 

Darct 

DUiR.eO-2{32 n. 

2=01875 

iib2D 

1 pTo‘iably 68* F 

V 

A 



A 



J 



OU 

Calc 


Oba. 

Calc. 


Obc 

Calc. 

30 

•081 

•078 

251 

lit 

Ill 

452 

•098 

•008 

■53 

300 

296 

446 

355 

350 

707 

235 

•239 

“A 


C-.2 







>1 

1 40A 

1 406 

•931 

1 535 

I 524 

I 547 

1 130 

1 142 

13 

1 

1 855 

1 142 

S SC5 

2294 

1 833 

1 5*0 

1-C04 







2073 

2-020 

2-050 


for . — T!ip cMrrtction 

j>rp*cnt known. No 

nt pcralnre*. wjth 

• ttWnco cf 

V. til Ih- 

•cccniAs^e 
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New Cast Irov Pipes (U&coatbd ) — Conhmud 


Dabct 

Diara.s=0 188 to 
g=0 1192 
n-1 95 

t probably 70® F 

Dabct 

Btam =0 50 m 
^=0 0382 
n = l 95 

t probablj 70* F 

V 


i, 



h 


Observ 

Cftlc 


Obserp 

Calc 

497 

090 

•078 

0 7932 

0 120 

124 

768 

180 

177 

7951 

126 

125 

1 128 

385 

384 

10412 

210 

211 

1 488 

640 

660 

I 1135 

230 

240 

1933 

1 090 

1098 

1 1197 

200 

243 

2 506 

1855 

1822 

1 1278 

250 

247 

4 323 

6 276 

5 274 
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tint nil thc5 other result'! gi>c >nluc'! of x lying bcl^sccn 
1 10 ninl 121 phowa n ■very pnlisfnclory conslnucy in Iho 
cocnicicnt 

According to I’rofessor Jlcynoltls's formuln, the hend lost 
ehould vary ns 

r 

That is, « ehould ba\o the value S — n. The following table 
shows how far this reduction of the most trustworthy experi- 
ments confirms this law — 


Kin 1 of l*ipo 

■ 

S'fi X 

TmpUtc 

rought iron (Smith) 

Aiphaltod pipes 
niTcUxl wrouglit iron 
hew cast iron 

Cleaned ca«t iron 

Incrustod east non 

1 72 

1 75 

1 65 

1 87 

1 95 

2 00 

2 00 

1 28 ' 1 100 
125 1210 

1 16 1 127 

1 13 1 390 

1 05 1 1C8 

1 00 1 IG6 

1 00 1 ICO 


It will bo seen that there is no great discrepancy between 
tho values of z and 3 — n but there is no appearance of 
relation in the two quantities For the present at least 
it must bo assumed that the value of z is independent of 
the value of n 

125 Values of the coefficient m — It is now possible 
to determine the values of the coeificicnt m from the different 
senes of experiments using the values of d* calculated from 
the values of x now assigned It will be a general check 
on the whole of the preceding reductions if the values of m 
for each particular kind of pipe prove to be nearly constant 
Henco the values of m for each of the twenty eight series 
of experiments which have been discussed are here given 
They are placed generally in the order of the index n and 
each set of pipes of one general character is placed in the 
order of the diameters 
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with Mr Mair’s results Vanatiou of temperature in the 
different experiments examined ranges from 38° P to 75° P 
Jn most of the experiments the temperature was between 50° 
and 70'’ For lO” difference from 60°, the temperature 
correction is under 3 per cent, go that it does not make a 
great difference whether the temperature correction is applied 
or not In some of Darcy’s experiments the temperatures 
are not gwen, hwt they can be xnfetred with sonie degree of 
approximation from the dates given 

124 Variation of resistance with the diameter of the 
pipe — From the values of wi/d* which have been obtained, the 
value of 23, the index of the diameter m the expression for 
the head lost in the pipe, can be found If vi and x for any 
given kind of pipe are strictly constant, and if we plot 
logarithmic values of d as ordinates and as absciss'^, 

then the points found should be on a straight bne the slope 
of which IS the required value of x Broadly speaking the 
points corresponding to each set of experiments fell pretty 
closely on a straight line, those for the pipes with rougher 
surfaces lying higher than those for the pipes with smoother 
surfaces It is not surpn&ing that the lines are more irreguliw 
than those previously plotted, for this reason Xhe points 
in these lines correspond, not to a senes of experiments ou 
one pipe, but to different senes of experiments on different 
pipes Small differences of roughness in these pipes would 
quite account for such discrepancies as were found 

On examining the lines, it was found that in all cases 
the slope is greater than 1 to 1, so that the index x of a* 
in the formula of loss of head must bo greater than unitj* 
a result in accordance with Paroy’s deductions from hi^ 
experiments The slope is lowest (1 10 to 1) for the im 
plate pipes of Bossut which were very smooth and in wbic »» 
probably, the joints did not affect the flow so much as m 
other pipes Generally, the slope does not exceed 1 2 to 1 » 
but there are one or two exceptions. 

The riictcd wrought iron pipes of Hamilton Smith give 
a slope of 139 to 1, which luaj possiblj bo duo to the 
dinVrent relative effect of Iho obstruction of the riiel-hcadB 
and joints m pipes of different dnincters of this kmu 
Butting usido exceptional xalues of the index x, the m 
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lint nil tlio other results gne %nlnes of x lying between 
1 10 And 121 phowa n very Mtnfictory constancy m tho 
cocflicicnt. 

According to Professor Poynolda’s formuln, the head lost 
should vary ns 

c" 

That n, a: should ha\c the xaluc 3 — n. The following table 
shows how far this reduction of the most trustworth) experi- 
ments confirms this law — ' 


Kln\ of 

■ 

3-n 


Tinplate 

1 "2 

) 28 

1 too 

ttrought iron (SraUli) 

t 70 

I 25 

I 210 

AipbaltoJ pipes 

1 85 

1 16 

1 127 

Hirctcd wrought iron 

1 87 

1 13 

1 300 

hew cait iron 

1 05 

1 05 

1 108 

Cleaned ci.«t iron 

2 00 

1 00 

1 108 

Incrusted cast iron 

2 00 

1 00 

1 100 


It will bo seen that there is no great discrepancy between 
tho values of z and 3 — n but there is no appearance of 
relation in the two quantities For the present at least 
it must be assumed that the lalue of z is independent of 
the value of n 

125 Values of the coefficient m — It is now possible 
to determiue tlio values of the coelRcieut m from the diCTereut 
senes of experiments using the ^alue3 of d^, calculated from 
the values of z now assigned It will be a general check 
on the whole of the preceding reductions if the values of m 
for each particular kind of pipe prove to be nearly constant 
Hence the values of tti for each of the twenty eight series 
of expenments which ha\e been discussed are here given 
They are placed generally in the order of the index n and 
each set of pipes of one general character is placed in the 
order of the diameters. 
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Valoe 





Value of 



ctm. 

n 


Tinplate 

0 036 

0 054 

01G97 

•01676 

} 01C8C 

Bc«s>ut. 

Wrought iron 

0 016 

01302 

1 01310 






Asphalted pipes 

0 027 

01749 


Hamilton Smitlu 


0 306 

02058 


Bonn, W IV 


0 306 

02107 

01831 

Bonn, W ^V 


0 410 

01650 

Lampo 


1 219 

01317 


Stearns. 


1 219 

02107 


Gale. 

Ri\eted wTouglit iron 

0 278 

01370 




0 322 

01440 


Hamilton Smitli- 


0 375 

■01390 

01403 


0 432 

01368 




0 657 

01448 



Sew cast iron 

0 082 

01725 




0 137 

0 188 

01427 

01734 

01658 

Darcy 


0 500 

0174'i 



Cleaned cast iron 

0 080 

•01970 

1 



0 246 

■02051 1 

- 01004 

Dare) 


0 297 

01913 I 

I 


Incruitc*! cast iron 

0 036 

03693 * 




0-080 

03530 

- 03C43 

ParcT 


0 241 

■03706 j 




Here, consiileniig tho gnat mnpo of (himetoni nn 
\cloc 1 t 1 e 9 in the cxpor^mcn^^ the con"tancy of w i' ''^*7 
Fitisfaclonlj close. The asphalted pipes gi'o nthcrsani >i 
\nluts, but, ns Fomo of thc«e were new and Foine olt , ^ 

snrnlion is, perlmps, not purprising Tho incnisted 
gi\e a mIuo of m quite double lint for new pijx-^ but tn 
n p<'rfix.tl) consistent with »'hat n known of fluid UK-ien 
in ollu r COST'S. ^ . 

126 General mean values of constants^ — The pr** 

formuli 

A n ^ (10) 

t d' "7 ' 

will (uui i to ngr.-** with th- rruUs With r>’iir 'it 
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closeness, if the foUcnvinr Cffia. viCns ni tan. (KeSrii'nIf 
are taken, the unit being a — 


Kind of Pipe. 

1 ’ 


- 

Tinplate . 

1 yir,I3 

I III 

r<i 

Wrought iron . 


I 21 

tT' 

Asphalted iron . 


I lar 

1 

Riveted •wrought iron . 

\ -dcm 

\'m 

r^7 1 

New cast iron . 

1 -dltW 

I nw 

rdt 1 

CSleaned cast iron 

1 -drio 

I 


Incrusted cast iron 


I iiw 

atv 1 
( 


The variation of each ci c.vfnr;f^trf is a 

comparatively narrow range, die nf Clift.* pr',^r 

coefficient for any given ca»A p-wfaw n/i dilTi/’nlty; i^* 
character of the surface of IL*: ft Iniftfn 

It only remama to give e,-/.^oi.r4r 

when tho quantities are eij-uwJ m ijn,;,,), p,* 

English measures the fott-nifr.^ j 

coefficients : — 


Kind of Pipe 

- 


n 

Tinplate . 


1 

121 

1 12-r 


Wrought iron 



Asphalted iron . 



Riieted wrought iron 



New cast iron • 


1 


Cleaned cast iron 




Incrusted cast iron 


I 1ft/V 

S'-V 


If fonnula (10) is put m ^ 


it ^ 

it IS seen that the coefficient < j*. • „ y, 

deduced from these results ly Ui '-y * ^‘*?7 (i^r. 


f- 


TTf^ 


Values of {■ thus obtained lar*- ^ ^ , 

§ 91. Using these vslam j. ,* 

re^iults are nearly os accurate t, f, * ^><‘7/ f 

*• ns, > 



218 


HYDEAULICS 


CHAP 


127 Distribution of velocity in the cross section of a 
pips — The mean velocity of translation along a pipe is 
necessarily 

Strictly, in consequence of the turbulence of the motion, the 
velocity and direction of motion vary from moment to moment 
at every point of the cross section But at each point the 
variations are temporary fluctuations about a fixed mean value 
The mean direction must be parallel to the axis of the pipe, 
and at each point there must be a constant mean velocity m 
that direction Observation shows that these mean velocities 
at different points are greater near the centre of the cross 
section and less towards its boundary Messrs "Wilhams, 
Hubbel, and Fenkel found the mean velocity of the whole 
cross section to be 0 84 of the central mean velocity, and the 
mean velocity near the boundary to be 0 5 of the central mean 
velocity At a radius 0 75 of the radius of the pipe the 
velocity was equal to the mean velocity of the whole cross 
section 

The most exact research on the distribution of velocity m 
pipes is one made by Bazin on a cement pipe 0 8 metro 
diameter and 80 metres long (“Experiences nouvelles, 
Mim. de VAcadimie des Sciences, xxxii, 1897) Bet B be 
the radius of the pipe, and r the radius at which the velocity is 
observed , let V be the maximum velocity at the centre, v the 
velocity at radius r, and v„ the mean velocity for the whole 
cross section Bazin obtained the following results — 


1{ 


V-v 

0 

1 1675 

0 

0 120 

1 1605 

GOTO 

0 250 

1 1476 

0200 

0 375 

1 1258 

0417 

0 500 

1 0923 

0762 

0 G25 

1 0473 

1202 

0 760 

1 OOOS 

1CC7 

0 875 

0 9220 

2455 

0 937 

0 8465 

3210 

1 000 

07115 

42CO 
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Let i be the virtual slope of tlie pipe Then 

Tvhere I vanes from 33 to 42, and is on the average 38 At 
the sides, where r = E, the velocity is w = V — 38^(Ei) 
The mean velocity of the whole cross section is 

t„ = V-4 64 V(Rt) 

On the average Yfv^ = 1 24 , t„/V =*08, = 0 64, and 

w/V = 0 51 At radius 0 74R the velocity is equal to i„ 



Fis 105 


Pjg 105 shows the velocities at difTercnt radu found by 
Bazin 

128 Influence of temperature on the resistance m 
pipes — In the expenmCDts on discs § 82, it appeared that 
the frictional resistance diminislicd as ttic temperature 
mcrca'sed. Froude found a similar result for boards towed 
in water Some experiments on flow of water at difilrcnt 
tempcnturcs in a brass pij'c H inch dnmeter and 2 '* feet 
long were made b} Sir J G Mair {Proe Inst cf Cm/ 
Fngxnrers, Ixxxiv ) The head at inlet as taken at 1 2 inclics 
from tlio end of the pipe to exclude loss at entry The rc»ults 
agree extremely closcl} with the equation 

A n 

.7 


The values of n were as follovrs ^ 
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Temperature F, 

n 

67* 

0 0178 

70 

169 

80 

166 

90 

161 

100 

167 

no 

151 

120 

147 

130 

145 

160 

133 


The resistance is therefore 25 per cent less at 160® than at 
5 7®. The resistance varies directly as m, and m is given very 
closely by the empirical relation 

m = 0 02(1 -0 002160 



CHAPTER XI 


FLOW OF comphessidle fluids in pipes 
129 Notation. — Let 

P =s absolute pressure in lbs per square foot 
T = absolute temperature F.* 

Gs= weight of one cubic foot of fluid in Iba 
V = \olurao of one pound of fluid in cubic feet 
u, V, = velocities in feet per second. 

W as weight of fluid per second in lbs. 
n = area of cross section of pipe m square feet 
d s diameter of pipe in feet. 

L, as length of pipe m feet 
Rss constant in gaseous equation 
"When air flows along a pipe there is necessarily a fall of 
pressure due to the resistance of the pipe, and consequently 
the volume and velocity of the air increase going along the 
pipe in the direction of motion. The effect of the resistance 
IS to create eddying motions which, as they subside, give back 
to the air the Wt equivalent of the work expended in pro- 
ducing them. The result is that, opart from conduction 
through the walls of the pipe, the flow is isothermal ^ 

130 Flow in pipes under small differences of 
pressure — In a large number of cases the pressure in a fluid 
IS one atmosphere or more but the difference of pressure 
causmg flow is only a few inches of water This is the case 
in the distribution of lighting gas and in some cases of 
compressed air transmission Let Pj, Pj be the absolute 

* This was pointed oat by the anthor in a discussion on Pneumatic 
Transmission jn 1875 {Proe. Inst C E xlui ) The formula for air flow m 
this chapter was first given by the anthor in 1875 in a paper on the “Motion oF 
Light Carriers in Pneumatic Tubes in the same volume 

221 



222 


HYDEATJLICS 


CHAP 


pressures at the inlet and outlet of a pipe Then when 
^i “^2 small compared with Pj, the variation of density 
during flow may be neglected without great error and the 
hydraulic formulae are applicable 

I^et d be the diameter, I the length of the pipe in feet, v 
the velocity, Px — P^the pressure difference causing flow m 
lbs per square foot, and h the same pressure difference in feet 
of the fluid itself If G is the weight of the fluid m lbs per 
cubic foot, Pj - P^ ^ GA Then, as in § 85, 


Mi.., 

2j d 




(I) 


If r IS the absolute temperature P, then, by the gaseous 
equation § 72, 

G = P./(RT) 

If IS the pressure difference measured in inches of 
water, then 

Pi-p3«(63 4A„)/12«5 2A„ 

Example — Air initially at one atmosphere and 60’F (521* absolute) 
flows through a 12 inch pipe one wile long under a pressure difference of 
10 inches of water G = 2116 3/(63 2 x 521) = 0 0764 Iba per cubic foot 
Pj - P2*=5 2 X 10»52 Iba per square foot The \alue of ( maybe tahen 
at 0 004 Then 

’= V^{ 

The discharge is 0 7854 x 32 77 = 17 88 cubic feet per second, or 17 88 
X 0 0764 = 1 367 lb& of air per eccond. 

131 Flow of lighting gas in mams — Lighting gas is 
distributed in cast-iron mains under pressure differences of 
about 2 inches of water column per mile of main, or 2 X 6 2 
= 10 4 lbs. per square foot The velocity is generally not 
more than about 15 feet per second In such conditions 
the hydraulic fotmulai arc applicable with very little error 

Pressures in gas mains are usually measured by water 
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siphon gauges open to the atnaosphcre They indicate there- 
fore the excess of pressure in the mam over atmospheric pres- 
sure If IS the gauge pressure in inches of water, and the 
atmospheric pressure is 34 feet of water, then the absolute 
pressure in the mam is + feet of water, or 62 4 (34 
♦f -^h^) = 2 1 2 1 5 2h^ lbs per square foot 

Head lost in a horizontal mam — Let Fig 106 represent 
a length I of horizontal roam through which gas of density s 
(air=l) IS flowing The difference y-^ — y^ of the water 
columns in the siphon gauges is the head lost in the length I 



Let G,,, Gg G^ ho the weights m lbs. per cubic foot of water, 
air, and gas respectively Then G, s=«Ga, where for ordinary 
conditions of pressure and temperature GaSaO 08 nearly, and 
G,p=62 4 Then if yj, y, ore measured m inches of water, 
the height of a column of gas equivalent to y, — yj is 

i - ^ - y.) = C5 "L; *'= f«t (2), 

and this introduced in the hydraulic equations (1) will give 
the velocity of flow and disrbarga 

Head lost in an inchned gas main — In a falling mam 
(Iig 207) the atmospheric pressure is greater at Jf than at A 
1 y tlio amount G^ (rj — r,) lbs. per square foot, or 
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pressures at the inlet and outlet of a pipe Then when 
small compared with Pj, the variation of density 
during flow may be neglected without great error and the 
hydraulic formulm are applicable 

Let d be the diameter, I the length of the pipe in feet, v 
the velocity, the pressure difference causing flow m 

lbs per square foot, and h the same pressure difference m feet 
of the fluid itself If G is the weight of the fluid in lbs per 
cubic foot, Pj — Pg = G7t Then, as in § 85, 


A = IT T feet 
2g d 




Q = cubic feet per second 


If T IS the absolute temperature P , then, by the gaseous 
equation § 72, 

G = PJ(RT) 

If 18 the pressure difference measured in inches of 
water, then 

Pi-Pj*(62 4A„)/12a5 2A„ 


Example — Air i ■'I'ab'olute) 

flo^v8 through a 12 ii [iffereoce of 

10 inches of water cubic foot 

Pj - Pg = 5 2 X 10 = 62 lbs per square foot The value of ( may be taken 
at 0 004 Then 




The discharge is 0 7854 x 22 77 = 17 88 cubic feet per second, or 17 88 
X 0 0764 s= 1 367 Iba of air per e 


131 Flow of lighting gas in mains — Lighting gas w 
distributed in cast-iron mams under pressure differences of 
about 2 inches of water column per mile of mam, or 2 X 5 2 
= 10 4 Iba per square foot Tlie velocity is generally not 
more than about 15 feet per second In such conditions 
the hydraulic formula; are applicable with verj little error 
Pressures in gas mains are usually measured by water 
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siphon giuges open to the atmosphere. They indicate there- 
fore the excess of pressure in the mam over atmospheric pres- 
sure If IS the gauge pressure in inches of water, and the 
atmospheric pressure is 34 feet of water, then the absolute 
pressure m the mam is 34 feet of water, or C2 4 (34 

2121 + 5 2k„ lbs. per square foot 
Head lost m a horizontal mam — Let Fig 106 represent 
a length I of horizontal mam through which gas of density $ 
(air=l) 13 flowing The difference — of the water 
columns in the siphon gauges is the head lost m the length I 



Let G„, Ga, Gj be the weights in Iba per cubic foot of water, 
air, and gas respectively Then G^ = sGa where for ordmary 
conditions of pressure and temperature Gg = 0 08 nearly, and 
Gr„ = 62 4 Then if yj y, are measured in inches of water, 
the height of a column of gas equivalent to y^ — y^ is 

'■ = B - yj) “ «» (2), 

and this introduced in the hydraulic equations (1) will give 
the velocity of flow and discharge. 

Head lost in an inclined gas main — In a falling mam 
(Fig 107) the atmospheric pressure is greater at B than at A 
by the amount G„ (c, — lbs. per square foot, or 
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A = 4178=65?^^-15ofl--L'\ 

04 \ 0 4/ 

=162 5(yi-yj) + 22D 
33 incbes of uniter 

(d) SiuiUarly, if ux tlie case of the 16 inch mam in (b\ the outlet 
end IS 150 feet above the inlet, 

i=ai9 9=65 ^‘^’+225 

-0 647 inch of water 

That IS, the upper siphon gauge pressure would be greater than the lower 


132 Plow of air la a long uniform pipe, when the 
variation of density is taken into account — -In this ca'« 
the velocity increases along the pipe as the density dimini‘>hes. 
The work of expansion of the fluid is not negligible The 


expansion will be taken to be isothermal 

For ait, P/G=53 2T (§ 72) and if the temperature is 
60® F, so that T = 521. then P/G« 27710 

la steady flow the same weight of air must pass every 
section in any gi\en time. Let W be the weight of air 
flowing per second « the lelocity, and D the area of 
cross section 


W = G09 = '^ 


(5) 


Consider a short length dl of the pipe Fig 108, between 
transverse sections AjjA, Let d be 
afl — the diameter, G the cro'^s section m 
r , ■ II iiTi , _ ^ the hydraulic mean radius I/Jt P 

! I ' > ^ pressure and ^cIocl^J 

'I I 1 ^ at P + dP, and « + dM the corro 

^ spondiiig quantities at Aj I^t V» 
bo the weight of air flowing per 
jQ, second — units feet and pound 

If ID a short time dt the m'l'^ 
AjjAi comes to then and AjA'j + 

Since in n short length the change of densitj is “nnll tlic 
head lost m feet of fluid is 

u'di 
m * 

or if H =i<y2/, the head hst in fnction is 

feet (<■)■ 
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And since "Wdt lbs flow in the time dt, the work expended in 
friction IS 

ft lbs (7) 

The change of kinetic energy in the time dt is the 
difference of the kinetic energy of AiA'j, and A^A'^^ that is 

™{(“ + <'“)' -o'} 

■\v 

= -vdudt = WdHif/ ft lbs (8) 

The work of expansion of tludt cubic feet of air to 
Sl{u-\-d^dt at a pressure initially P is HPifiitfi But 
from (5) 

RTW 

HP 

^ ItTW 
(ip" ■ np2 

and the work of expansion is 

- ft lbs (9) 

The work of gravitj is zero if the pipe is horizontal and in 
many other cases is negligible 

The i>ork of the pressures on the ends of the mass is 

PSludt - (P + rfP)n(u + du)dt 
a - {Vda + twiP)J2(ff 

But if the temperature is constant Pm is constant, and 
Prfu-fM(fPa=0 Ifence the work of the pressures is zero 
Adding the quantities of work and equating them to the 
change of kinetic cnergj 

IlT^\ 11 

Wdlldt s - dPdt f- \\ dldt 
P *m 
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p_tt*_E'TnV2 
2g iga-V 
dH 2g!i'P „ Jl 

For pipes of uniform section, 12 and m are constant, for 
steady motion W is constant, and for isothermal flow T is 
constant Integrating, 

AOg H + r = constant 

For 

1 = 0, let H = Hj and P = Pj 
l = L, let H = Hj and P = Pj 

where Pi is the greater and P, the le&s pressure B) replacing 
Hi, and "VV 


Hence the initial velocity in the pipe is 


h yET(P,-“-P,^) j 


When L is great, log Pj/Pj is small compared with the other 
term in the bracket Then 


hgFFm 


For pipes of circular seetjon and diameter d in feet, m = dj-i 
Let T=521, then for air RT=27710. and let Pi, ho tho 
pressures in lbs per square inch Then 


„, = y{222900|P.^) 
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This equation is easily used. In some cases the approxi- 
mate equation 

«j=(j 132-0 720^)^(222900^) . (13c) 

may be more con\enient 

If the terminal pressure p, is required m terms of the 
initial pressure tJj, then 

.133 Variation of pressure and velocity in long air 
mains — The follo^ung cases have been calculated to give an 
idea of the way in which pressure and velocity vary in long 
mams con\ eying air The mam is assumed to be 12 inches in 
diameter, and the coofncient of fnction to be ((= 0 003 

Air Mains 

I At diiUBCM tloos mtlD In miles. 


I Case I 
I Pressore (Absolute) 
in lbs per sq in 
Telocitj in main in 
ft. per sec 

I Case II 
I Pressure (absolute) 

I in lbs. per sq in. 

I Velocity in mam in 
ft per sec 

With an initial velocitj of 25 feet per second the pressures 
decrease and the velocities increase slowly With an initial 
velocity of 50 feet per second the \anation of pressure and 
velocity IS much more rapid. Beyond 5 miles the pressure is 
very small and the \elocity enormous 

134 Coefficient of fnction — Tlie author obtamed values 
of the coefficient of fnction from expenments made by 
Professors Eicdler and Gutermuth on the mains conveying 
compressed air in Pans.* The mams were 11^ mches in 

* The details are giren in Unwin Develifpment at\d Tranmisncn of Power 
London, 1891 
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diameter, and m some tests the length of mam tested was 
10 miles Experiments also were made by Mr Stockalper 
on the compressed air mams at the St Gofchard tunnel, which 
were 0 492 and 0 656 feet in diameter^ 

Mean for 0 402 foot pipe 
i> 0 65G „ 

II 0 960 n 

These results agree with the relation 

00027(1 + 4 ) ( 15 ) 

Mr Batoheller who has developed and earned out the 
remarkable systems of pneumatic transmission of parcels in 
the United States has also made careful ejcperiments on the 
resistance to the flow of air in mams The pipes used were 
cast iron pipes bored smooth 

Air is supplied at a pressure of 6 lbs per square inch 
and a carrier weigliing 1 lb 7 oz passed through with the 
air For a mam 6|- inches or 0 51 foot diameter the mean 
value of the coefficient of friction was 0 00435 By the 
formula above it would be 0 00429 

The coefficient is applicable to gases of other densities 
135 Distribution of velocity m an air mam — Threl 
fall has made experiments on the distribution of velocity in 
air mams by means of a Bitot tube (J^roc Jnst of Mcetr Fnt? 
1903 , Ptoc Inst Mech Eng 1904) The average ratio of 
mean to maximum central velocity was 0 873 constant at 
different velocities The velocity at 0 775 of the radius from 
the centre was equal to the mean velocity The highest 
velocity tried was 6 0 feet per second The velocity curve on 
a diameter approximates to an ellipse 

1 }hn Froe Inst Cml Enn Ixui 29 


0 00449 
003Y7 
00290 
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USirORM FLOW OF WATER IN CANALS AND CONDUITS 

136 In flow through pipes the section of the stream of 
water is determined by the cross section of the pipe, and the 
velocity depends not on the actual slope of the pipe but on 
that of the hydraulic gradient When water flows along open 
channels, its surface is parallel to the bed of the stream, or 
nearly so, and the velocity depends on the actual slope of the 
surface of tlic water If the slope of the stream bed vanes, 
the velocity of the stream \anes also, being greater where the 
slope is greater, and %xce versa Since in steady motion the 
same quantity of water must pass c\ery cross section in a 
given time, the cross sections of the stream must vary inversely 
as the velocity, being less where the slope is greater and greater 
where the slope is less 

In artificial canals and conduits for con\ eying water the 
slope is constant, and the cross sections of the channel are all 
similar In such cases the velocity is uniform, the cross 
sections of the water stream normal to the direction of flow 
are equal and similar, and the water surface is parallel to 
the bed. 

Steady Bow of water m cliannels of constant 
slope and section — Let aaW (Fig 109) be two normal 
cross sections at a distance dJ Since aa'bh’ moves uniformly, 
the forces actmg on it are in equilibrium Let be the area 
of cross section, ^ the wetted perimeter yj + gr + rs, and 
m = the hydraulic mean depth Let v be the mean 
velocity, i the slope Icfah m feet per foot, "W = GCldl the 
weight of aa'bb' 

The external forces acting on aa'bb' parallel to the direc- 
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diameter, and in some tests the length of mam tested was 
10 miles Experiments also were made by Mr Stockalper 
on the compressed air mams at the St Gothard tunnel, which 


were 0 492 and 0 666 feet in diameter* 

!:= 

Mean for 0 492 foot pipe 

0 00449 

„ 0 656 „ 

00377 

» 0 080 „ 

00290 

These results agree with the relation 

f,0 0027(l+jfj) 

. (15) 


Mr EatcbfiUer, who has developed and earned out the 
remarkable systems of pneumatic transmission of parcels m 
the United States, has also made careful experiments on the 
resistance to the flow of air in mams The pipes used were 
cast-iron pipes bored smooth 

Air 18 Supplied at a pressure of 6 lbs. per square inch, 
and a carrier weighing I Ib 7 oz passed through with the 
air Eor a mam 6^ inches or 0 51 foot diameter the mean 
value of the coefficient of friction was 0 00435 By the 
formula above it would be 0 00429 

The coefficient is applicable to gases of other densities 
135 Distribution of velocity in an air mam— Thie 
fall has made experiments on the distribution of velocity la 
air mams by means of a Pitot tube (JProc Inst of Mectr. Eng 
1903, Froc Inst Uech £ng 1904) The average ratio ot 
mean to maximum central \elocity was 0 873 constant a 
different velocities The velocity at 0 776 of the radius from 
the centre was eq^ual to the mean velocity The big 
velocity tried was 6 0 feet per second The velocity curve on 
a diameter approximates to an ellipse 

* ihn Proe I/ut Cml Eng Ism 29 
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iMroiw n/)w or ■wATTr in canais am* condiith 

inC In flow j til'* Kftjon of tlje flrcun of 

walor n br tlio crt»*s fort jot of tlio pJp^. nml the 

\clocily (Icjkt!^ lint m iljo nctn-il i>!oj>o of the pjpo hut on 
that of Iho hrilntiljc f:rnl>ont When water flnavTi nlong open 
channels Hfi rurface parillrl to tlic l-e^l of the Ptmm, or 
nearly m, and the achcity tle|iends on the actual plopc of tho 
surface of the avater If t!>e p1o|** of the flrcam»b«l aane^, 
the atlocjly of the stream \an<a ftl»o l.'ing prc-altr wlicru the 
slope n grt atcr, an<l nee rer^t i'ince »n flead) motion tlio 
same quanlit) of avalcr nju«t j a«a c\iry croNS section in ft 
giacn lime, the croaa N'Clion^ of the flrcam mu«t airy maersoly 
03 tlie velocity, Ix-ing lc«3 when, the plo|«e is greater and greater 
avhcrc tlic slope is less. 

In artificial ciinls and conduits for conac}ing water the 
slope IS coii'tant, and the cross focIioijs of tho channel arc all 
similar In such ca^as the aclocitj is uniform, the cross 
sections of the avalcr straim nonnnl to the direction of flow 
are equal and similar, and tho water surface is parallel to 
the bed. 

127 Stesydy Sow of avotesr jd nhimnels of constant 
slope and section. — Let aa'bb' (Fig 109) bo two normal 
cross sections at a distance dl Since aa'bb' moves uniformly, 
the forces acting on it ore m equilibrium Let fl be the area 
of cross section, the wetted perimeter pg + qr+rs, and 
m = tho hjdraulic mean depth Let v be the mean 
velocity, t the slope le/ab in feet per foot, W = Gflrff the 
weight of aa'bb' 

The external forces acting on aa'bb' parallel to the direc- 
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pnctical cilcuhlmn®, nnil it can Ijc imdc to gnc accurate 
rc‘«ult'5 if the of f and e arc Iho'^c found b} expenment 

in similar eases. IJcncc the praclirillj' u«cful problem is to 
find means of relecting aalues of f and e in any giicn ease 
133 Darcy’s research oa the value of ^ for open 
channels — M Dire} cirncil out an cxtn.mcl> important 
senes of gaugings of the flow in artificnl clianncla 6f ^erj 
^a^ed character, and M Earin, Ins succcsBor, continued the 
mvc ligation after his death The conclusion arrived at was 
that the vnluc of ^ dopcndwl chiefly on the roughness of the 
channel and its size, being less for large channels and greater 
for small ones. It npi>eare<l that tho influence of sire could 
be provided for b) taking for f the expression 

(3), 

an expression sinular to tliat prc'iouslj found for pipes To 
take account of the roughness of tho channels, of which there 
is no definite measure Darej adopted a classification of 
channels according to tlieir roughness. The following lablo 
giaes the values of a and for the difftrent categories in 
which channels were classed — 


KIsJ of Cb&nofl 

- 


I Very emootb channel*', sides of smooth cement 

0 00294 

0 10 

or planed timber 



11 . ISinooth channel*, sides of a*lilar, brickwork. 

0 00373 

023 

planks 



IIL Eough channel*, sides of rubble masonry or 

0-00471 

0 82 

pitched with stone. 



IV ^ ery rough canals in earth 

0-00549 

4 10 

V Torrentul streams encumbered with detritus 

0-00785 

5 74 


The last value? (Class V) are not Dwej-’e, but ore taken from experi 
ments by Ganguillet and Kuller on Swim stitanis. 


The following tables gi\o tho values of f calculated from 
Darcy s eq (3) for uso in eq (1) and the corresponding values 
of c for use in eq (2) — 
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Darot’b Values of f 


Hj draulio 
Mean Depth 

Values of f for Categories 

in Feet 

I 

n 

III 

IV 


0 5 

00353 

00545 

01243 

0505 



00323 

00458 

00857 

0279 


2 

00308 

00414 

006G4 

0167 


5 

00300 

00389 

00546 

0100 


10 

00297 

00380 

00508 

0077 


20 

00295 

00376 

00489 

0065 


50 

U0294 

00374 

00477 

0059 


a> 

00294 

00373 

00471 

0055 



Values of c in the Equation v=cjmi deduced fbo 
Darcy’s Values 


Hydraulic 
Meau Depth 
m 

in Feet 

Values of c for Categories 


I 

n 

HI 

I\ 


0 5 

135 

109 

72 

36 


1 0 

141 

119 

87 

60 


2 0 

145 

125 

98 

62 


6 0 

14G 

129 

109 

80 


10 0 

147 

130 

113 

91 


20 0 

148 

131 

114 

100 


50 0 

148 

131 

116 

104 


CD 

148 

131 

117 

108 

__ 


139 Ganguillet and Kutter's Formula — In 18 
Swiss engineers Messrs GanguiUet and Kutter nndei 
careful analysis of the results of gaugmgs of open 
then a\ailable Proceeding in a purelj empirical ^ 

a formula to the results of gaugmgs, tlic) arnica o ‘ 
following cumbrous formula ■ — 


1 811 000281 


\ I / \'vi 


w 
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xti 

in which n 13 a “cocflicient of roughness” and the other 
symbols have the same signification as above They adopted 
Darcy’s method of classifying channels according to roughness, 
and arrived at the values of n gwen in the following table — 


n=0 009 
= 0010 
= 0011 
= 0012 
= 0013 
= 0016 
= 0017 

= 0020 
= 0025 

✓ =0030 
= 0035 
= 0 050 


Kotters CJovstant n 
Well planed timber 

Pure cement plaster, coated clean pipes. 

Plaster in cement, iron pipes m best order 
Channels of unplancd timber 

Ashlar and good bnetnork, iron pipes in ordinary condition 
Rough bnckworlc, incrusted iron. 

Bnckivork, ashlar, in bad condition, rubble in cement in 
good order 

Rough rubble in cement, stone pitching 
Rivera and canals m perfect order, free from stones or weeds, 
stone pitching in condition. 

Rivers and canab m good order 

Rivers and canab m bad order 

Torrential streams encumbered with detritus. 


In Spite of Its complication, Ganguillct and Kutter’s formula 
has been widely adopted, especially in India, where its use has 
been facilitated by the publication of extensive tables 

A formula with so many arbitrary constants can of course 
be made to agree with any selected set of results of gauging 
more closely than a simpler formula But the formula has 
only the authority of the results used in obtaining it If 
some of these are untrustuorthj, the formula must bo untrust- 
worthyalso Now the term 0 00281/i was introduced chiefly 
to force the formula into agreement with certain gaugings 
of the Mississippi, with \ery large \alucs of m and small values 
of t IhosQ gauging® «ere made bj the method of double 
floats, and it is now Known that the xelocities so obtained are 
probably greater than the true xelocities. 


Let 


41 G-f 


00281 


Then, as Bazin has shown, the formula can be put m the 
form — 

1 Li / 1 

nr 1 811 " 111 + I 8U 1811/’ 
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and if N/m=;1811, or m = 3 28 feet or one n: 
then *Jmilv is equal to n/1811 for all classes 
That IS, at this arbitrary' limit is indepe 

terra involving the slope in all cases, and the mfl 
term in brackets is + or -- according as in is > or 
This result is improbable Further, the compi 
Bazin has made of the formula, uith a more ext( 
gaugmgs than a\ere available when it was dcducec 
it departs widely in some cases from the results oi 
Calculation by ICufcters formula is a little 
the equation is put in the form 


, ^ 000281\ 
I = n^41 6+ — ^ — j 

sWM+ 1811 \ 

n VM+ 


■ 

\ nluci of for n = 


0 010 

0 012 

0 015 


0 020 

( 

OOOOl 

3 22C0 

38712 

4 8390 

5 1642 

G4520 

8 

00002 

1 8210 

2 1852 

27315 

10357 

3C4D0 

1 

00004 

1 1185 

1 3422 

1 6777 

19014 

2 2370 


•OOOOG 

08843 

1 0C12 

1 3204 

1 5033 

1 7C8C 

2 

00008 

07C72 

0920C 

I 1508 

1 3042 

1 5314 


OOOlO 

0 0970 

0 83C4 

1-0455 

1 1840 

1 3940 


•00025 

0 5284 

OC341 

0 792C 

08981 

1 05C8 


00050 

04722 

05GGC 

07083 

OH027 

03444 


00075 

04535 

05442 

0CB02 

0 7703 

0 0070 


noioo 

0 4441 

0 5123 

OCGGI , 

0 7r50 

08882 

1 

00200 

0 4300 

051C0 

0C450 

07310 

osroo 

1 

■00300 

0 425} 

05105 

0C381 I 

0 7232 

0 6508 

1 


The formula cm, Ijo«cier, Jmnllj be used in p 
without the aid of extensive tablc<» 

140 Bazin’s later investigation of th( 
experiments on flow in channels — B in 
retunicd to the stmJ^ rf the results of gauginj 
clinmit Is nnd Ins cxatinnul it mere cxti n“i\e f< 
irrvifuisl} Ik on availille {^AnnalfS dts Ponis 
1897) He remarks that in the Din.^ nlition 








UKIFOK^r FLOW OF WATER 


237 


XII 


be suitable for pipe», the constants a and B 
3 de range of ^alnes so long as the experiments 
' are considered. But in the ca^e of open 
their great diver^itr of size and character of 
slants a and B have so wide a range of values 
jion ceases to be sufficiently useful as a guide 
e form of the expression is defective, lor if 
3efimtcly, mt/ir = a, and this has a different 
class of channels. But it is reasonable to 
indedmtely large channels the influence of the 
» stream bed must indefinitely dimmuih, so that 
monels should tend to a value common 
channels 

' tnals, iL Bazin has adopted the following 
obnates the difiictUty just stated — 

nstant a has the same lalut., 0 00C35 (Bnglish 
classes of channels, and B '«irJts uith tho 
surface of the l>cd. 

^ of gauging are plotted m that the ordinatrs 
the abscissa? a: = 1/^/w, tlir expression rniy 

y = 0 00635 + fir, 

y« 0 00635(1 +y3-) (8), 

a strijglit line Itesulti of tfiis trjuation 
cil of niyfl starting from r « 0, y *= 0 00C3C 
easured by the onguhr coefliucrit 0 00035^ 
roughne-s of the bed incrL%*et fjg 110 


are Bazin's \alucs of the rou Jinesi toefficu nt 
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Bazin’s Values of y 

I Very snioolh — Smooth cement planed timber 
If Smooth — Planks, ashlar, bnck 
III Hough — Rubble masonry 

III bis Bough — Earth newly dressed, or pitched in whole 

or part a\ ith stone 

IV Very i ough — Ordinary eartli canals 

V Exces^tiebj rough — Canals encnmbered with needs or 
boulders 


Poi practical calculations Bazin's new formula c-u 
in the form — 


157 6 \/mt 



In this form the equation is extremely convon 
calculation If m is known and v is to be found, the 



can be used quite straightforwardlj If v is gt\en and lb® 
dimensions of the channel am to be found, it is l»est to proceed 
bj approximation Choose from tables or experience any 
roughl) probable xalue of m With tins calculate 1 +7 /n/’”' 
and with this find a new aaluc of rn b} cq (9). 
this now \aluc recalculate 2 + 7 /«yrfl, and then find ^ 
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approximitc ^'xlue of m b) cq (9) These two steps of 
opproxinntion aro gcncnllj sufficient. 

It will be seen tint the Chezy form of equation 


or 

v-c x/fmi) 

IS identical i\itli Bazins if 


( 10 ) 


t rV 

/= = 0 00259 ( 1 -t- ;_) 

^ 157 G* V 


157 C 

i.-)L 


(10a) 


The following tables gne aalucs of 1+-^ calculated 

vni 

with Baans aalues of 7 for a senes of values of m and 
for all classes of channels. Also the corresponding values of 
and c m eq (10) 

In selecting aalues of f or c it should be remembered that 
the roughness is often increased by organic growths after the 
channel has been some time m use Fitzgerald has given 
some interesting obsenations on a largo aqueduct at Sudbury 
The culvert is circular 9 feet diameter with an invert of 
13 2 feet radius, it is lined with brick with cement joints 
It has been found that if the surface of the brickwork is not 
c'leanei it accumulates in t’uc course oS a year so much organic 
slime that the discharge flowing full is diminished 10 percent 
{^Trans Amer Soc Civil hngiruers xhv 87). 


[Table 
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CHAP 


Bazin’s Values of c in the Equation 


Hydraulic 
Mean Depth 
in Feet 


5 

6 

7 

8 
Q 

10 

11 

12 

13 

14 

15 
IG 

17 

18 

19 

20 


\ alues of c for 7 = 


142 0 
14G 4 

148 2 

149 8 

150 2 

151 0 

151 8 

152 1 
152 4 


162 7 
153 3 


153 5 

154 1 


154 4 
154 7 
166 2 


IIL III bu 
0 290 I 0 83 I 154 


122 5 
131 0 
135 2 
137 8 
139 8 

141 2 

142 2 

143 4 
1439 

144 5 

145 3 

145 5 

146 0 

146 5 

147 0 
147 2 
147 4 
147 7 

147 9 

148 4 

149 0 
149 4 


86 2 
99 3 
106 5 
111 4 
115 0 
117 9 
120 2 
122 0 
123 4 

125 1 

126 2 

127 1 

128 2 

129 3 

130 1 

130 7 

131 3 

131 9 

132 6 

133 2 
135 2 
138 4 


62 1 
75 6 
83 6 
89 1 
93 4 
96 8 
99 7 
101 9 
104 3 
106 0 
107 8 

109 1 

110 7 

111 7 

112 9 

113 7 

114 8 

115 7 

116 6 
117 3 
120 6 
125 5 


47 0 

59 1 
66 8 
72 3 
76 8 

60 4 
83 3 
85 9 
88 2 
90 3 

92 3 

93 8 

95 4 

96 8 

98 0 

99 2 

100 3 

101 4 

102 4 

103 1 
107 0 
1132 


37 8 
48 6 
55 8 
610 
65 3 
68 6 
71 7 
74 1 
76 8 

79 0 

80 7 
62 3 
83 9 

85 4 

86 7 
88 0 
69 1 

90 2 

91 4 

92 3 
96 5 

103 0 


As examples of the great vamtion of the coefficien f 
and e m oases of great rarmtion of roughness some 
gauging the Loch Katrine aqueducts may be given M 
aqueducts are largely tunnelled in rock, and are ”“1^ 
lined with cement mortar In the case of the olde ^ch 
Katrine aqueduct, which was largely uulined and “ P™ ^ 
rough, verylowvalnes of r were found. Tlius,Mr ^ “ 

that fiir the Mugdock tunnel, U miles long and e- 
roueh c = 56 9 The Loch Katrine tunnel, with abo 

liter cent lined, gave c= 67 8 At the norther y end ^of 

the aqueduct, with 214 per cent hned, the ‘ ^ j,,„ 

was 72 In the case of the newer aqueduct tlie whole 

. ..I,„ohK..r,».M.Urworl.., Free M •" 

SeolIaTui, 1895 
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invert was concreted, and about 50 per cent completely lined 
The area when running full \sas C4 8 sq feet in the lined 
part, and 78 3 sq feet in the unlincd part With water 
flowing 7 feet deep, m = 31 in the unliued and 2 87 in the 
lined part. The gradient is 1 m 5500 The following are 
Bomc results obtained by Mr Rruce (Proc Inst Cxvxl Engineers, 
cxxiii) — 

Locn KitniNE Conduit 


Depth of water 
Cross section of water 
Di^harge cubic feet per sec Q 
Mean velocity 
Hydraulic tatan depth 
Value of c 


1 72 

2 42 

2 73 

2 94 

14 2 

20 8 

23 7 

25 6 

1 2C6 

45 8 

53 5 

58 5 

187 

2 21 

2 26 

2 08 

23 

1 CO 

1 74 

81 

125 4 

1293 

126 9 

135 6 


141 Channels of circnlar section — Aqueducts and 
sewers are sometimes of circular section, and concrete open 
channels have been made of semicircular section. For 
calculations of the discharge of such channels runnmg partly 
full the following table is useful Let r be the radius of the 
channel and d the depth of water — 


d 


R 

P 


DVm 

r^r 

05 

032 

021 

179 

0037 

iO 

052 

060 

229 

0137 

15 

096 

107 

310 

0332 

20 

128 

166 

357 

0589 

30 

185 

294 

430 

1264 

40 

242 

450 

492 

2214 

50 

293 

614 

541 

3321 

60 

343 

795 

586 

4668 

70 

387 

979 

622 

6089 

80 

429 

1 175 

655 

772 

90 

466 

I 371 

683 

935 

1 00 

500 

1 571 

707 

1 109 

1 2 

566 

1 968 

746 

1 469 

I 4 

592 

2 349 

769 

1 807 

1 6 

608 

2 694 

780 

2 098 

1 8 

596 

2 978 

772 

2 300 

2 0 

500 

3 141 

707 

2 219 
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Bazin’s Values op e in the Equation v = c-Jm 



Yalnea of c for 7= 










II 

III 

III hx $ 

I\ 



0 109 

0 290 

0 33 

1 54 

2 36 

3 17 

1 

142 0 

122 5 

86 2 

62 1 

47 0 

37 8 

2 

146 4 

131 0 

99 3 

75 5 

59 1 

48 6 

3 

148 2 

135 2 

106 5 

83 6 

66 8 

65 8 

4 

149 8 

137 8 

111 4 

89 1 

72 3 

610 

5 

150 2 

139 8 

115 0 

93 4 

76 8 

65 3 

6 

151 0 

141 2 

1179 

96 8 

60 4 

68 8 

7 

151 8 

142 2 

120 2 

99 7 

63 3 

717 

8 

152 1 

143 4 

122 0 

101 9 

85 9 

74 1 

S 

152 4 

143 9 

123 4 

104 3 

88 2 

76 8 

10 


144 5 

125 1 

106 0 

90 3 


11 


145 3 

126 2 

107 8 

02 3 


12 

152 7 

145 5 

127 1 

109 1 

93 8 


13 

153 3 

146 0 

128 2 

no 7 

954 


14 


140 5 

129 3 

111 7 

96 8 

65 4 

16 


147 0 

130 1 

112 9 

98 0 


16 

163 6 

147 2 

130 7 

113 7 

99 2 


17 

154 1 

147 4 

131 3 

114 6 

1003 


18 


147 7 

131 9 

115 7 

101 4 


19 


147 9 

132 0 

1160 

1024 


20 

154 4 

146 4 

133 2 

117 3 

103 1 



164 7 

1490 

135 2 

120 G 

107 0 


3G 

156 2 

149 4 

138 4 

125 5 

113 2 



As examples of the great -varntion ol tlio coeuiutm , 
and c m cases of great \ariation of roughness some j 
gauging the Loch Katrine aqueducts may bo gi\tii 
aqueducts arc largely tunnelled in rock, and arc on) 
lined with cement mortar In the cnie of the o i cr 
Katrine aqueduct, winch was largclj unhned ami I’™ ' 

loilgh, very low values of c were found Thus, Jlr 
that for the llugdoch tunnel, IJ miles long and excep 
rough, <1 = 50 9 The Loch Katrine ‘ J.f 

11 percent lined, gw o <i=C7 8 At the iiort i I , ^ 
the aqueduct, with 2U percent lined the 
was 72 In the case of the newer aqueduct Hu' wholi 

1 " Locli Kitruic W iitcrworti Fiot Itii' vf I /iiKirf ns 1 
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invert was concreted, and about 50 per cent completely lined 
The arei when running full was 64 8 sq feet in the lined 
part, and 78 3 sq feet in the unlined part With water 
flowing 7 feet deep, m = 3 1 in the unlined and 2 87 in the 
lined part The gradient is 1 in 5500 The following are 
some results obtained by Mr Bruce {Proc List Citil Engineers, 
cxxiil) — 

Loch KitarsE Conhutt 


Depth of Tvater 
Cross section of water 
Discharge cuhic feet per ecc Q 
Mean velocity 
Hydraulic mean depth 
Value of c 


1 72 

2 42 

2 73 

2 94 

14 2 

20 8 

23 7 

25 6 

2G C 1 

45 8 

53 5 

53 5 

1 87 

2 21 1 

2 26 

2 08 

1 23 

1 60 

1 74 

1 81 

125 4 

129 3 

1269 

135 6 


141 Channels of circtilar section — Aqueducts and 
sowers are sometimes of circular section, and concrete open 
channels have been made of semicircular section. For 
calculations of the discharge of such channels running partly 
full the following table is useful Let r be the radius of the 
channel and rf the depth of water — 


il 


VS 


'•s'r 

•05 

032 

021 

17J 

•0037 

10 

052 

OCO 

229 

0137 

15 

09G 

107 

310 

0332 

20 

128 

165 

357 

0589 

30 

185 

294 

430 

1264 

40 

242 

450 

402 

2214 

50 

293 

614 

541 

3321 

CO 

343 

705 

5SC 

4658 

VO 

397 

970 

C22 

C0«9 

SO 

429 

1 175 

C55 

772 

DO 

4G6 

1 371 

C«3 

•935 

1 00 

500 

1 571 

70? 

1 109 

1 2 

556 

1-9CS 

74C 

1 4C9 

1 4 

592 

2 349 

7C9 

1 807 

1 6 

COS 

2 C94 

780 

“■OOS 

1 8 

590 

2*078 

772 

2 300 

2-0 

500 

3 141 

707 

2 219 
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Bazin’s Values of c in the Equation v = c -Jmi 


Hydrauhe 



Values of c for 7 = 



Mean Depth 




1 



la Feet 

I 

11 

III 

( III bis 

IV 

V 


0 109 

0 290 

0 83 

\ 54 

2 36 

317 

1 

142 0 

122 6 

8G2 

G2 1 

47 0 

37 8 

2 

14G 4 

131 0 

99 3 

75 5 

69 1 

48 6 

3 

148 2 

135 2 

10G5 

83 6 

GG 6 

55 8 

4 

149 8 

137 8 

111 4 

89 1 

72 3 

G1 0 

5 

160 2 

139 8 

1150 

93 4 

76 8 

C5 3 

G 

ISI 0 

141 2 

117 9 

06 8 

60 4 

C6 8 

7 

151 8 

142 2 

120 2 

09 7 

83 3 

71 7 

8 

152 1 

143 4 

122 0 

101 9 

85 9 

74 1 

g 

1624 

143 9 

123 4 

104 3 

88 2 

76 8 

10 


144 5 

126 1 

106 0 

90 3 

79 0 

11 


145 3 

12C2 

107 8 

92 3 

80 7 

12 

162 7 

145 5 

127 1 

109 1 

93 6 

62 3 

13 

163 3 

I4G 0 

128 2 

no 7 

95 4 

83 9 

14 


14C 5 

129 3 

in 7 

9G8 

85 4 

16 


147 0 

130 1 

112 9 

98 0 

66 7 

1C 

153 5 

147 2 

130 7 

113 7 

99 2 


17 

164 1 

147 4 

131 3 

114 8 

100 3 

89 1 

18 


147 7 

131 9 

116 7 

101 4 

00 2 

19 


147 9 

132 C 

nc-G 

102 4 

91 4 

20 

154 4 

146 4 

133 2 1 

1173 

1031 


25 

164 7 

149 0 

135 2 1 

120 C 

107 0 


30 

155 2 

149 4 

138 4 j 

125 6 

1132 



As examples of the great nrintion of tho coefTicicnts ? 
and c in cases of great •variation of roughness some rc‘*uUs o 
gauging tho Loch Katrine aqueducts maj be given TIu 
aqueducts are largely tunnelled in rock, and are onl) X 
lined with cement mortar In the caao of the older 
Katrine aqueduct, which was largely unlincd and m 

iQUgU, very low values of c were found 'Hiusilr 

that for the Jlugdock tunnel, U miles long and eNCC].tioinHv 
rough c=:5G9 Tlio Loch Kntnnc tunnel, with 
11 per cent lined, gave c=C7 8 At tho northerly ea 
tho aqueduct, with 2U jicr cent lined, the averngo value ^ 
was 72 In tlie case of the newer aqueduct th( whou <* 

‘ Katrine VVtterworlj, JVof /nff of J i/inrrrirtnl V’ly ui 

Scctlind, 
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The last column gives the relative discharge neglecting the 
vanation of the coefficient e 

143. Trapezoidal channels — jVrtiffcial channels are 
commonly trapezoidal in section, the side slopes being deter- 
mined by the stability of the banks and the kind of protection 
against degradation adopted 




Ch&rtcter of B-ink 

<> 

90* 

0 to I 

Planls or masonry 

63*20 

0 5 to I 

Masonry or bnck wall* 

45* 

1 to I 

Stone pitching 

33*40 

14 to I 

Firm earth 

26*30 

2 to I 

) 

21*48 

2i to I 

> Loose earth 

18*20 

3 to 1 

1 


Let B bo the top and h the bottom width, d the depth, 
^ the slope angle, and n the slope ratio, so that tan ^ = 1/n 

Top mdth = B = i + 2nd 
Area o{ section » ft a (J + fid)rf 
Wetted perimeter a a ^ + 2d 


3 



i< nc/- «--<5 — <1 

Fig 112 


144 Trapezoidal channel of minimum section for given 
side slopes — Various practical considerations determine tho 
general form of the section of a channel In a navigation 
canal the depth is fixed by the draught of tho boats In 
large irrigation canals the depth is limited so as to avoid 
interference ivith subsoil drimage, and the canals arc of a 
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width equal to ten or twenty times the deptli Jn MludJe 
ground the width is restricted nnd a rectangulir fotfion m 
used The longitudinal slope t is determined b} the sloj'o of 
the country nnd the limiting aclocit} N\hicli can bo pcrmittc<l 
consistently with the stability of the canal bod. The pi I' 
slopes are fixed by tbo character of the banks. 

If a channel is constructed for a gi\cn di'^cliargo nnd given 
longitudinal and giaen sido Bloj>es, then therc is a pro;>orlioa 
of brcadtii to depth i\hich makes the area of cross section, nnd 
therefore the amount of cxcaxation, a miniinuni The 
anco to flow depends on tho wetted perimeter, nnd tlic loIotiU 
will be greatest nnd tho section least for tfiat fonn for wfiicli 
tho wetted perimeter is least 

Difibrentiating tho expressions for H and ^ given nlove, 
and equating to zero, 


(^ + n^d + fc + ndoO, 


S 

<ld 


+ 2v'(n*+l)«0 


riiminating dhjdd, 

^=2(\''(n'+ l)-ni 

n = 0 05 1 0 U 2 2i T 

^ = 2 124 0 82 OCO 0 48 0 38 0 1.’ 

d 

If this value of /ms in'ert‘<l in tfio cxjireMioti^ f< r fl ‘'f' ^ 
wo get a vtrj convtnunt chararti n^tic of 
moat oconomjc.ll s'ctiou — 


f? f tf 


fll) 


That I- III rinnn U of the ino**- *'<-■11 iiiml f f* J 
giM n fide ^loI>' -• lb' lodriuh inrtn «b j *h m Inlf tf ® ’ 

d'-ph Jlwinn-dit. f-n lint thM M a (f nn 

tfi Niijirml ifi' hdf r p are nn I if' faff ^ 

fiiijl gt. -1' ‘ni al ro*it‘rt m a pfi W" tf a» f - nil f h' ar ' ’ 
tf ' p ! •< an 1 f"”' n «r« tat, nl-* t . n f li jr M 
r« nl»e f M tf '' vr ^*r' »t rfa e 
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Let Fig 113 represent a trapezoidal channel of minimum 
section, for side slopes of n to. 1 Let E be the centre of the 



Fig 113 


water-surface, and drop perpendiculars EF, EG, EH on the 
sides. Let AB = CD = a , BC = h , EF s= EH = c , EG = d 
n = AEB + EBG + ECD 
= ac+~bd, 

X = 2a + ^ 

Since the hydraulic mean depth is half the actual depth, 

n/x = i/2, 

ae + = ^(20 + h)d, 

c = d 

That is, EF, EG, EH arc all equal, and a semicircle ^\lth 
centre at E touches AB, BC, CD A circle struck from A 
with radius AE will pass through B 


riioi*oRTio>s OF C^A^^rl,s or toe most Economical Section 
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The velocity in a channel is 


Let A = 

For a given section of channel the velocity and therefore 
the discharge will be greatest if l/v^ is greatest, so that 
this can be taken as a value figure for channels of \arious 
forms 

It IS not generally convenient to adopt exactly the form 
of a channel of minimum section, but the theorem indicates 
the form towards which actual channel sections should tend 
if practicable For other forms of section 7 n^> d/2, and the 
mean velocity for a given longitudinal elope is less. The 
other limit to the value of m is rf For in n channol of great 
width 5, and small depth d, H = Jd and x — ^ nearly, so tint 
nearly. 

The mean velocity vanes as Hence, taking the 

extreme cases of m = (f/2 and m = d, the corresponding mean 
velocities will have the ratio 


l-JH 


v'd«0 709 


For a given discharge tho orcis of the channels would be 
m the inverse proportion 

145 Discharge of a channel with different depths 
water flowing. — “Consider a rectangular channel \Mtli a 

of water of ^Mdth h and depth d 

-L-- ^ f— The .3 n = w. ‘1'“ 

mein depth is m = M/(J' + -‘‘) ^ 

. tli‘«h'irgc 13 


I lU 

Q = I!r=r!i ymisi-W op 


thnt Ii, IW 1 fs constiiit for " f"'" 
clnnnel, and c Mill oiilj ■> 'Utk "H'l 

of “ize. 
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s '(6 + 2 rf ) 


determined by g*^uging for a depth 
r fin) other depth is 




(13) 


nr clinancl draming an area of 572,000 acres 
It of witcr of 3 feet it is found to di«charte 
Then equation (13) becomes 


* the mean monthly depth of water deduced 
I the discharge calculated hy this formula 
» of the Btream in each month can be found, 
nage area, 24,910 miUton square feet, gires 
month equivalent to the stream dj«cbarge 
I IS also pren- The ratJO of the stream 
the ground to the rainfall varies with the 
latum in certain problems of water storage 
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3 

1856 

894 

2 15 

41 6 



0 

1742 

840 

1 78 

47-2 



3 

1775 

655 

1 70 

50 3 



5 

1511 

723 

1 87 

39 0 



7 

1'’05 

581 

1 55 

37 5 




936 

451 

1 73 

26 1 

ju y— - 

'“j'au 

469 

1*>29 

S92 

1 48 

40 0 

Anfmst 

3 00 

400 

10 1 

516 

1 29 

40-0 

September 

2 85 

371 

963 

463 

1 48 

31 3 

October 

3 05 

410 

1097 

529 

1 44 

36 8 

I^ovember 

3 10 

419 

1086 

5'>3 

2 00 

26 1 

December 

3 80 

565 

1513 

729 

1 9o 

37 4 


The mean depth of water and mean rainfall are the average of five 
years’ observations. The smaller the intervals of time for which the 
means are taken, the more approximate would be the result. 


146 Parabola of discharge — In a rectangular channel 



24 S 


IIYDK \UUCS 


fzitf 


The \clocity in n channel i 


let K = x/ Vn 


- /T /' 

V f v\ 

- 

V f V ^ 


Tor ft gneu section of clmnnol tlio \clocitj' ond tli(n.f<ft 
the (fi«cInrgo uill be greatest if i'^ grevU'^t sa tint 

thi9 can be taken ns ft mIul figure for clmnncls of \‘nnou< 
forms. 

It is not gcnenlh con^cnKllt to ndopt cxiclh tla f rn 
of ft clmnnel of niimimim section, but tlio theorvin indint'^ 
£?io fonn towards which nctmil chflUiul sections should lor 1 
if pmcticftble lor other forms of section nnl il^ 

mein iclocit; for n gi^en longitudiml slope is 1 \ Tl' 
other limit to the mIuo of rn h <l lor in a thuiiul of pr* it 
width 5, and smaU depth (hnt=W and ;(;»= t mirlj. 
m es d neirli 

Tlic mem itlocit) mnes as \fin Ilenc* tikinp 
extreme ca«<s of mss d/2 and w»d. the corrci^nditiK* i * 
\clocitics will hue thi nlio 
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AVhen 8 and a have been determined the discharge for 
any %alue of d is easil} calculated to an approximation sufficient 
in many cases where comparisons of stream discharge and 
rainfall ha\e to be made 

147 General distribution of velocity at different points 
m the cross section of a channel — ^Even a cursory obser\a 
tion of flow m an open channel shows that the velocity of 
translation along the channel is greater towards the centre 
and surface and less towards tho bottom and sides A more 
careful investigation indicates some marked peculiarities and 
a knowledge of these is of practical importance in considering 
various methods of gauging the volume of flow in streams 

By means to be described presently the mean fon^ard 
velocity at a number of points m the cross section of a stream 
can be determined This was first accomplished in a quite 
satisfactory way Darcy and an example from his work 
will be taken as an illustration 

Fig 116 shows the cross section of a rectangular channel 
0 25 metre deep and 0 8 metre wide in which the velocity 
was obscr\ed at 30 points at tho intersection of the aerticals 
ee ff and the transversals aa hb The aelocities 

at each point on a trans\ersal set up from the transaersal 
vertically g^^e points on a transverse velocity curve Tims 
aaa is the transverse velocity curve along aa hbh that along 
86 and so on Similarly the velocities at each point on a 
vertical set off from the vertical lionzontall} give points on a 
vertical velocity curve. Thus « is the vertical velocitj curve 
for the vertical ee ff that for ff and so on The vertical 
curves show that the greatest velocity is not at the surface 
but somewhat below it From tie level of greatest velocity 
at any vertical the velocity decn.a’ses upwards and downwards. 
There is another way of repn. renting the di'itnbution of 
velocity If at points on the vertical cunes where the 
velocities are 12 11 10 09 and 0 8 metres per second 
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of width J and depth d, if 6 is large Compared with d, il = W 
and iTi=^d nearly. Then 

Q = cM 

that is, for a given channel Q varies as dK In a triangular 
channel the width h is proportional to d, bo that fi = /id*an<l 
7rt =s vd, where ft and v are constants depending on tlie iuclina- 
tion of the sides of the channel. Then 


Q = Cftd^ •/vdi, 

or Q varies as Ordinary cliannels are of a form betiucn 
these two, so that at least for a limited variation of d in 
given channel the discharge may be taken to \ ary approximately 
as dr. In that case, if the deptljs of water are taken as onlinatcs 
and the discharges as abscissre the curve of discharge is a 
parabola. It often liappens that an approximate estimate of 
the total discharge of a etream is rcijuiicd wiien the onl> 
continuous records available arc readings on a gauge of the 
surface-level of the stream. In such c.iscs it may I*o nssumeu 
that Q varies as (d + 5)' for the range of variation of level wliic i 
occurs in such cases "hero 
d is the actual doplli of 
' water and 5 a quantity to I’O 
detenniued. Suppose that, 
by gauging, the dificliarsv”* 
Qi, Q, for two dopths dj. 
of vatcr in the stream Iti'O 
been n«ccrtaincd. 

Tale An = i',. llC«Qi' 

ad=a. 

115). Tlicii C and 1'. "W 

pniiit. on the cli^lnt);.' 
curve, uhich ii a-.u.awl !■' 
tie niTirorimitidy a Ii'v>* 
Ml "itii it'* 

Froin till' lirojvrlii' >'f tie' 


J? 



-B\ 


A 

/ 

1 

1 

/ 


o 

>'15 lit-. 


Foino j>oint 0 


at 5 Ivlow A- 


PC « 

wli^rv rt i'’ tfio piranut<r of tin* 


n. UH 




252 


HYDUAULICS 


CUKT Xlt 


horizontals are drawn to the corresponding a crticah, points are 
found in the section on curves of equal \elocity Thc'^ cune" 
correspond to the contours of a solid whose ba'c is the crc«s 
section of the stream, whose height at anj' point is the velocity 
at that point, and whose volume is proportional to the 
discharge of the stream per second The maximum a docitj 
IS on the centre vertical below the surface, and from tint 
point the velocity decreases in all directions 

Messis rteley and Stearns made very careful gaugings of 
the brick conduit at Sudbury with diflerent depths of water 
flowing The conduit is 9 feet diameter, with an invert of 
13 2 feet in radius, the height of the conduit being 7 / foot 
(^Trans Amer. Soc Cml Engineers, 1883) With the grcatc'^t 
flow the aelocity was measured at 167 points m the cro's 
section The following arc some of the results obtained 


SoDccra Condoit 


Depth of water 

54 

01 

3 00 

Hydraulic mem dejitli 

3 33 

2 19 

1 84 

Mean aelocita 

8 97 

2 90 


Maximum velocity 

J37 

3 32 

3 DC 

Bottom aclocity (ahoul) 

5 20 

2 15 


Hatio mcan/mavimum 

88 



„ mian/boitom 

1 35 

1 35 


Di'char^c per sec Q 

111 5 



Value of c 

1400 

139 5 

1 u 1 5 



148 Depression of Iho point of preatest velocity 
calm MOithcr tlio iinvimiiln aclotity i« below tin. sat " 
this 13 not line, ns li is Ucn sometimes sujipoied, to n 
of the nir similar to that of the stream bul for it ‘ 
with a wind down sin am wliith should nccilera i ‘ . 

Inter In n nctam;nl ir tlianml the ulocitj is 
centre and fills to nl»mt lialf ilcpth nt the sidi« In 
with plopin4 «idi3 It rins from the centre mitwinh ^ ^ 

be at Ihe-iirfico nt the cd,;.s of the strcitli Th 
the dcpn-im has Ken iniicli direnwil ’ 
rtllliH h, contact with the l.d nr. thrown olf nm -i^ _ 
llirou,;h nil pirts of tin stn im. I ut niviimid it. ""'1 , 

nt Ih siirfie. In th. M. n- 1] I • I .iV"'-. >t " " I > 
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AEsuming tint the \ertical \clocitj cunc is a parabola 
such as IS sho\vn in Fig 117* the mean 'velocity is the mean 
ordinate of AOC, tint is — 


= ^{arc-i EGIIF - 1 (area AGOK + OLCH)J 


But by the equation above, when 

. = 0,. = v-^ 


u»v- 




5^|Z>.(D-Z)>) 

D* DZ Z' 

SK'^ K ■ K 


DZ 1 D* 


(16) 


If Vjj, IS the 'velocity at half depth, putting 2 = ^ m the 


equation above, 


D’ 

4K’ 


so that the half depth velocity is greater than the mean 
velocity at the vertical only by the small quantity D”/(12K), 
a result wbicb depends on the assumption of a parabolic curve 
but which cannot be much wrong and this is useful m practical 
gauging In Cunningham s Eoorkee gaugings with floats much 
attention was paid to this point, and the mid depth velocity 
was found a little greater than the mean velocity at the vertical 
in forty two cases out of forly six The average of a large 
number of results gave U/uj^= 0 94 to 0 98 
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the depression of the line of maximum velocity increased with 
an upstream and decreased with a do^\nstream wmd, but this 
result has not been found in some other cases Perhaps it 
depends on the presence or absence of waves or ripples on 
which the wind can act 

149 Vertical velocity curve — In purely viscous stream- 
line motion the vertical velocity curve would be a parabola 
with a horizontal axis at the free surface In ordinary 
turbulent motion in streams the vertical velocity curve 
agrees faiily well with a para- 
bola having a horizontal axis 
at the level of maximum vel 
OGity Without assuming this 
to be more than a convenient 
approximation, it is a result 
useful in discussing the rela- 
tions of the velocities at difllr- 
cnt depths in a stream 

Let AOC (Fig 117) hQ a 
parabolic \elocity curve, the 
axis being a horizontal through 
0 Let V be the maximum, 
Vf, the surface, the bed vel- 
ocity, and V the velocity at any point P Let Z be the depth 
of the filament of greatest velocity, s the depth of P, aofl 
D the whole depth of the stream Then from the properties 
of the parabola 

iz-Zr=K(V-i), 

where K is the parameter of the parabola Hence 

Mean velocity at a vertical — If a fmrlj hirgo number 
of velocities at equal distances on n vertical are observed tie 
arithmetic mean is verj approtimatclj the mean velocity ^'t 
the vertical! If the number is small the arithmetic incvu is 
less than the true mean velocity If through ob^oned points 
a fair vertical velocit} curve can bo drawn, the mean vclocit) 
at the vertical is the area of the curve divided b_) the dept i 
of the stream 
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velocities on each vertical Curve 6 is the transverse surface 
velocity curve 

151 Ratio of mean and surface velocities — In a gauging 
of the Rhine at Basel the velocity at 0 58 of the depth was 
found to be equal to the mean velocity on the ‘?ame vertical 
The ratio of the mean to the surface velocity on one vertical 
\aried from 0 77 to 0 85, the average being 0 82 The ratio 
of the mean velocity for the whole cross section to the greatest 
surface velocity was on the average 0 73 Harlacher found 
the same ratio in gauging the Elbe The following table 
gives some values — 



llesn 
Velocity 
of Whole 
Sect on 

Meat! 
Surface 
\ elocity 

Greatest 
Surface 
\ elocity 

S 

5 

Elbe (high water) 

3 61 

4 17 

4 66 

86 

77 

„ (a^erage water) 

3 12 

361 

4 17 

66 

76 

„ (low water) 

2 49 

2 79 

3 64 

89 

68 

Eger at Warta 

I 75 

1 75 

3 21 

1 00 

66 

„ at Falkenau 

2 54 

2 77 

4 43 

92 

67 

»» >. » 

1 31 

1 46 

2 26 

89 

68 

Sazawa at Pone 

1 61 

1 CO 

2 72 

1 00 

5 » 

•1 «• 

82 

64 

1 15 

98 

71 

. 

1 90 

1 67 

2 Cl 

1 14 

73 

Moldau at Budweis 

2 55 

2 67 

3 53 

96 

72 

„ „ 

5 71 

651 

8-02 

88 

71 


3 07 

3 57 

4 26 

66 

72 


ma) be termed an aqueduct, but tho term is usually applit.“d 
to important works In whiclt water flows by gniiUtion and 
speciallj to tlioso con\eying the water supph of town<» 
Where tho fill of the country is suitable the water maj l>e 
con\eycd in a channel contoured to the elope of the hydraulic 
gradient. Tho channel maj Ik* an optn channel such as the 
conduit winch brings water from Staines to London More 
commonly it is coaered to protect thearnter froindclirionition, 
but the water flows precise!} us man opin channiL Gtmralh, 
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such an aqueduct is of a composite character — -part m tunnel 
a'here the ground is above the hj^drauhe gradient, part in 
cut and cover, that is built in an open trcncli and then 
covered in Across irallejs tho aqueduct must bo carried an 
piers, or more commonly the i\ater is comejed in one or inoa 
pipes termed in\erted siphons, falling from the li^draulic 
gradient at one end and nsing to it again at tlic other end 

Homan aqueducts — Amongst the most strAing engineer 
mg works of antiquity, of which parts still ovist art the 
aqueducts constructed t^or tjio water suppl} of Home and otlar 
Cities of the Homan empire Tlic Appjan Aqueduct at Honio 
was constructed in 313 Bc and con\c}cd water from spring's 
ten miles distant from the city in a channel 2!^ Act wide 
5 Aet deep Others were ‘subsequently constructed till thcr*- 
wero fourteen aqueducts of lengths Mr)ing from 11 to 
50 miles, and aggregating 359 miles Of tho total length 
S5 miles were on arches and the remainder chicO} under 
ground The channels were lined with cement and rooftd witli 
slabs and tlie gndienfs varied from jxirhaps 1 in 500 ta 
1 in 3000 Ilcrschcl estimates the total supplj to the til> 
of Homo at 50 million gallons dul^, with an additional 
to districts outside tho cit) The water w is often d^tril uted 
bj lead pipes arid Icul <5iphons of 12 to 18 inches diimolcr 
haic been found 

Types of aqueducts ^ — lig 119 shows cro«s sect ions of 
Some important aqueduct'* A It, C arc n-ctions of the 
new Loch Katrine aqueduct 

153 Examples of aqueducts — (1) Loch Kalnnc 
aqueduct — Thu was <lesignt<l to conuj '0 i/ulhon gdl 
i[)cr d 1^ from lyx-h Kutrinc lo (ijavow but th( rou^hm 
the chiniul was not fulh iillowtd for and it ]rul'.dl> urn ^ 
duly ul»out 10 inilhon gjllons The top wiUr Mirfu* '» 
lyKh Katrim is o07 im in s ihiil and th "d r 

is deliMrt^d into » ‘snut ri*cnoir at ‘Mivdcsk dC md ' 
distant whtn the top witerhul is tlT f t al>o\( u ui 
H i 1 icl Of tin 2G mil s of njuishi t T) an « ' 

I ip s airo^s \ il! >s m tutui I and IbJ jwl-' 

an Indies an! iiii- nn »i«ut mil fo\tr 11 tuns m 
8 f t in <!iim or with n fill if 10 m li s r mil Tj'* 
iliintul incut an! fowr las tin pun f.r»h nl as ll tm t 
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such an aqueduct is of a composite cliaracter — part m tunacl 
where the ground is above the hjdrauhc gradient, part id 
cut and cover, that is, built in an open trench and then 
covered in Across valleys the aqueduct must be carried on 
piers, or more commonly the water is convened in one or more 
pipes, termed imerted siphons, falling from the hydraulic 
gradient at one end and rising to it again at the other end 

Roman aqueducts — ^Amongst the most striking engineer 
ing works of antiquity, of which parts still exist, are the 
aqueducts constructed for the water supply of Rome and otlier 
cities of the Roman empire The Appian Aqueduct at Rome 
was constructed in 313 sc, and conveyed uater from springs 
ten miles distant from the city, in a channel 2^ feet wide h) 
5 feet deep Others were subsequently constructed till there 
were fourteen aqueducts of lengths varjing from 11 to 
59 miles and aggregating 359 miles Of the total length, 
55 miles were on arches and the remainder chiefly under 
ground The channels were lined with cement and roofed v\ith 
slabs, and the gradients varied from perhaps 1 in 500 to 
1 in 3000 Herschel estimates the total suppl) to tho citj 
of Rome at 50 million gallons dailj, with an additional suppl) 
to districts outside the city The water was often distributed 
by lead pipes and lead siphons of 12 to 3 8 inches diameter 
have been found 

Types of aqueducts — Fig 119 shows cross sections of 
some important .aqueducts A, B, C arc sections of tlie 
new lx)ch Katrine aqueduct 

153 Examples of aqueducts — (1) ^och Katrine 
aqueduct — This was designed to conae) 50 million gallons 
per daj from Loch Katrine to Glasgow, but the roiigljnc;'='9 t>f 
the channel was not fullj allowed for, and it jirobabl} carries 
only about 40 million gillons The top ^^ale^ surficc ui 
Loch Katrine is 307 feet aboac mean eca le\el anti the wiUr 
13 dcliacred into a scnice rc'cnoir at Mugdock, 20 inn'-s 
distant whore the lop water lc\ cl is 317 Let nl>o^c incaa 
H;a leael Of the 20 inilet of aqueduct 3^ tast-inui 
pipes across A illej 11^ milts arc in tunnd and lOj- iums 
arc bridges and inasonr) in cut and co^er Thol«muh«r» 

8 fttt in (haineltr, witfi a fall of 10 inchis i>tr nnh T ie 
channel in cut and co\cr has the wine gndnnt as the lunif ■" 
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Portions of the pipe line consist of two 48-inch and one 
36-inch pipe, or of four 36-inch pipes, the general hydraulic 
gradient being 5 feet per mile An additional aqueduct has 
now been constructed following generally the line of the old 
aqueduct, with the object of ultimately mamtammg a supply 
to the city of 100 million gallons per day In the new 
aqueduct, with water flowing 7 feet deep, the area of section 
IS 78 3 square feet The wetted perimeter 24 9 feet The 
hydraulic mean depth 3 1 feet The slope 1 in 5500 The 
estimated discharge is nearly 72 million gallons per day 
(Proc Inst Civil Pn^neers, 1883) 

(2) Thirlmere aqueduct, for the supply of water to 
Manchester — This is designed to convey 50 milhon gallons 
per day from Lake Thirlmere to a service reservoir at 
Prestwich, a distance of 96 miles There are 14 miles of 
tunnel, 37 miles of cut and cover, and 45 miles of cast-iron 
pipes The tunnels are 7 feet 1 inch wide, the side walls 
6 feet high, and the arch rises 2 feet They arc for tlie most 
part Imed with concrete, but in parts only the floor is lined 
The thickness of floor linmg is 4^ inches m close rook to 
18 inches in bad ground Walls 12 inches to 18 inches 
thick Arch ring 1 5 inches thick Where the tunnels are 
unlined their width is increased to 8 feet 6 inches, to allow 
for the greater friction due to irregularities of the rough rock 
surface The cut-and cover channels are also of concrete. 
At full supply the water in the couduit will be 5 feet C inches 
deep The pipe line was designed to ha^e three parallel 
48-inch pipes m the first part, and five parallel lines of 
40 inch pipe in the later part, the pipes varying in thickness 
from 1 to inches, with socket joints run with lead The 
second pipe laid has been increased m diameter from 40 to 
45 inches The surface of the lake when full is at 584 feet 

above 0 D The aqueduct starts at 527 feet above OB and 
ends at Prestwick at 353 above OJ) The ruling gradient 
13 20 inches per mile but extra fall is given to the pipe kne 
Along the aqueduct tliero arc manholes at evorj quarter mile 
New Croton aqueduct. New York, U S A — In this 
aqueduct there are 30 mil(» of tunnel, 1 milo of cut ntid 
cover, and 2^ miles of pipe About 7 miles of the tuimol 
IS of circular form 1 2^ feet in diameter, and is under pn.«sua. 
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amounting at one point to 120 feet of licad. The remainder 
of the tunnel is horseshoe-shaped, 13 feet 7 inches in width 
and height. For 25 miles tho gradient is 0’7 feet per mile. 
The tunnel is lined with brick^rork 12 to 24 inches thick. 
The discharge is about 300 cubic feet per second. 

154. River bends. — In rivers flowing in alluvial plains 
the windings Inch already exist tend to increase in curvature 
by the scouring away of material from the outer bank and the 
deposition of detritus along the inner bank. The sinuosities 
sometimes increase till a loop is formed with only a narrow 
strip of land between tho two encroaching branches of tho 
river. Finally a “cut off" may occur, a waterway being 
opened through the strip of land and the loop left separated 
from the stream, forming a horseshoe-shaped lagoon or marsh. 
Professor James Tliomson has pointed out {Proc. Poyal Soc. 
1877, p. 35G ; Proc. Inst, of Mcch. Engineers, 1879, p. 456) 
that tho usual supposition is that the water, tending to go 
forwards in a straight line, rushes against the outer bank and 
scours it, at the same time creating deposits at the inner bank. 
That view is very far 
from a complete account 
of the matter, and Pro- 
fessor James Thomson ^ 
has given a much more 
ingenious account of the 
action at the bend, which 
he has completely con- 
firmed by experiment. 

"When water moves 
round a circular cuiv’c 
under the action of 
gravity only, it takes a 
motion like that in a free 
vortex. Its velocity is Fig. 120 . 

greater parallel to the axis 

of the stream at the inner than at the outer side of the bend. 
Hence the scouring at the outer side and the deposit at the 
inner side of the bend are not due to mere difierence of velocity 
of flow in the general direction of the stream ; but, in virtue 
of the centrifugal force, the water passing round the bend 
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presses outwards, and the free surface in a radial cross section 
has a slope from the inner side upwards to the outer side 
(Fig 121) For the greater part of the ^ater flouiiig in 

curved patlis, tins 
diffeicnco of pre'!sure 
produces no tendency 
to transverse motion 
But the uatcr im- 
mediately m contact 
witli the rough hot- 
121 tom and sides of tiie 

channel is retarded, 

and its centrifugal force is insufficient to balaneo the pressure 
due to the greater depth at the outside of tho bend It 
therefore flows inwards touards the inner side of tlio bend, 
carrying with it detritus which is deposited at the inner Kink 
Conjointly with this flow inwards along tho bottom and sidcf, 
the general mass of water must flow outwards to take its place 
Fig 120 shows tliQ directions of flon as observed in a small 
artificial stream, by means of light seeds and specks of niiilino 
dye Tho lines CC show tho directions of flow iinmcdiiitolj m 
contact with the sides and bottom Tlio dotted lino AB shoua 
tlio diiection of motion of floating particles on tlio surfuco of 
the stream 
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1 A rner h-ia the foUoning ecction liottom «idth, tlOO fict , depth 

of «iter, 20 fett. Ride elojH'*, 1 to 1 , fill, 1 foot ji.r 
I ind the diachirge, iiung Darc^ « coclhcjciil for earth chaniioK 
l)arc>,c= 100, Q = 37,3 10 cubic fict jnr c rrml 

2 A canal in to !« comtruciwl for o di'clnrgc of 2000 cubic f^t 

per secoii I The fall is I S feet j «.r imlt , pi lo pIojk-^, 1 to 1 , 
bottom width, ten times the depth, c«-120 Iml tl ^ 
dimension^ of tlie canal 

IKpth, C 23 f 1 1 , Iflttoni oi 1 1th, C2 3 f^‘^ 

3 Riquind the dtfncti'iona of a tnije/oilal clnnnil of tie lie 

<conomical eectirm to ronaej TOO culic f-«t jir e“e«nl, "ith^a 
fall of 2 {(•• t j>\.r mile, nn I n le rIojx ■* I A to 1 f ** 

I). I 111, 7 18 fit. U tlom wilt? -I |0 


* TV ? rn not otl trwl*'* itit*' J Uixln a valura of IJ e c m • ( f ' 

hare b<«n uie*! 
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4 Recalculate llie di«cln^ of the channel determined in (3), tahmg 

Bazin’s coefficient for sides covered vrith stone pitching 

388 cubic feet per second 

5 An irrigation canal in earth nith side elopes to 1 conveys 

GOO cubic feet per second at o velocity of 2l feet per second 
Design a suitable canal section with a depth of 3 feet 

Area of section, 240 square feet , m= 2 C87 , 
CeiC4 G , »= 000557 or 2 94 feet per mile. 
C A bnch culvert, 6 feet C inches m diameter and 4000 feet long, 
comcj-3 150 cubic feet per second when running full Find the 
fall in feet necessary 7 3 feet. 

7 oval bnch scucr, flowing two-thiids full, is 4 feet wide and 
C feet high Find the fall m feet per mile to give a velocity of 
3 feet per second, and the discharge. 

2 4 feet , 3G 3 cubic feet per second 

8 A canal is to be cut in earth mth side slopes 2 to 1, and a fall of 

9 inches per mile. The discharge is to he 6000 cubic feet per 
minute, and the depth 3 feet Find the dimensions of canah 
(Solve by approximation) 

Assuming msS, 6c«182 feet, 
then ms2 29, and 6 — 24 feet 
0 semicircular channel of smooth cement is 5 feet deep and slopes 
at 1 in 1000 Find the discharge. 

115 7 cubic feet per second 

10 A trapezoidal channel of the most economical form, with sides of 

rubt Ic masonry, has a depth of 10 feet and side elopes of I to 1 
Find the discharge when the fall is 18 inches per mile. 

(-82 ve326, 0-182, Qa697 

11 A rectangular ashlar masonry channel is 12 feet wide and 4 feet 

deep, and has a slope of 1 in 5000 Find the velocit} and 
discharge. 2 91 f«t per second , 139 6 cubic feet per second 

12 The water section m tlienqueduct at Dijon is 2 feet wide and 1 foot 

deep, and the sides are smooth cement The slope is 1 in 1000 
Find the velocity and discharge. 

3 05 feet per second , C 1 cubic feet per second 

13 Find the equation to the discharge parabola of the Sudbury 

aqueduct from the data in § 147, and draw the curve. 

Q-4(d4.0738)2 

14 A channel has an h^'draiilic mean depth of 5 feet Compare the 

discharges if the sides are of smooth cement, and of rubble 
niasonrj 1 30 to 1 

15 The top width of an irrigation canal is 200 feet, the depth 10 feet, 

and the side slopes 3 to 1 The elope is 15 m hes per mile. 
Find the discharge v = 386, Q — C5G7 
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GADGING OF STPEAMS 

155 For \ariou3 purposes tlio engineer needs to gntigo tlie 
flow of streams Tor instance, m determining the laliio of 
a fall as a source of water power tlie \oluine of flow througliout 
the year must be ascertained. The flood di*'clmrgo js of little 
aaluo unless storage rcser'oirs can bo constructed Tho 
ordinarj summer flow and tlio mimmum flow nro factors of 
greater importance generall} Then again tho water supply 
of miny touns is denied from tlic drainage of largo gnthcnng 
grounds, flowing off b} a stream In considering tlio suflicicnc} 
of tlie supply, the flow must be determined parti} b) rainfall 
ob'senations partly b} gauging the stream so ns to cstnbhfli 
a relation between tlie rainfall and flow from tho catclimont 
basin Usunll} giuging operations arc carried on for a 
considerable pi nod as ncturttc statistics nro rtijuircd in tho 
scttlLinent of dithtult questions such ns tho npi»orliontiicnt 
of compensation water i^astl}, in tho inanagcincnt of imga* 
tion works it is frequent!} ntcts'nr} to gatigi tho flow m 
cannh and distribution clmiincls 

150 Water level gauge — Where\er Ftrcam di'-charge 
inca’5urLment‘i art tarrjLil on, w itcr KmI gauge*! sliotihl U* 
established on which reidings of the i ir}iiig w Uor IimI f 
bo taken sirnultaneou**!} vMth the mIociI} ol iiaition*" Tli< 
rero of tin gmge should lx conntclul b} ItMlling wjtlj a 
p rinaiient Imith in irk, and tho zero Flumhl N U luw tit 
lowi t water hill to a\ou1 iiiiniH n uling'* Th nd 

till gauge nliould Im in fit t im 1 tinllis, 'Hi icih in ‘} I* 
fiXL-<l to n ] ih drivtii into the slnnni l'»nl rr flxe^l b' ” 
iijT'o'ir^ Ftnatun iriictirn«“< u ^ d’ attu]«tl to a t »• 
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IS con\cnicnt, tho reading being taken against a fixed mark 
Automatic gauges ore used in important in\estigations A 
cord attached to a float gives motion through reducing gear 
to a pencil which records the \vatcr-le\el on a drum driven 
by clockwork 

157. Mean velocity calculated from the longitudinal 
slope — If the longitudinal surface slope of a stream is 
determined in a part where the channel is of fairly regular 
section, then the discharge can be ascertained by the formula 
of flow, subject, however, to the difliculty of selecting a 
coefflcient suitable to the character of the stream In most 
cases, however, the surface slope is an extremely small quantity, 
generally less than 1 in 5000, and the oscillations of the 
water surface render its determination difficult The slope 
in natural streams often differs to some extent on the two 
sides as tho current sets to one bank or the other In 
Cunningham’s experiments on the Ganges Canal twelve 
measuremeuts of slope on symmetrical 2000 and 4000 feet 
lengths differed by 25 per cent, but the site was probably a 
specially difUcult one Usually the mean of the slope 
determined at the two banks is taken as the virtual slope 
of the stream 

158 Gauging by observation of the velocity of flow. — 
In streams of moderate size the most accurate method of 
gauging 18 by a weir constructed for the purpose across the 
stream. But often it is impracticable to erect a weir, and 
the operation of gaugmg is then effected by determming the 
cro'ss section 12 and the mean velocity of the stream The 
discharge is Q = I2y„ For gauging purposes a straight and 
unobstructed reach of the stream should be selected where the 
cross section is Jairly unilorm in area and iorm Then two 
series of observations are required (1) a Bur\ey of one or 
more cross sections of the stream, (2) observations of the 
velocity at one or more points of the cross section 

159 Measurement of transverse sections — The depth 
of the stream is ascertained at a senes of points, equidistant 
if possible, along the Lne of the required cross section For 
small streams a wire may be stretched across, with equal 
distances of about 10 feet or less marked on it by tags If 
the wire is first set up on land and stretched with a given 
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weight, the position of the tags can be fixed so that their 
horizontal distances are equal The wire is then stretched 
across the stream with the same tension The depth at each 
tag can be taken with a bght graduated and loaded rod. Cire 
should be taken tint the wire is perpendicular to the thr(wd 
of the stream 

For large rivers the position of soundings is fixed by angu 
lar measurement A base line AB (Fig 122), parallel to the 
stream, is first laid out and 

5- measured Next sta^esare 

set up at CA and D along 
the line of the required 
section and at right angles 
to AB Obseners are 
placed at C and B , a boat 
t drops down stream and at 
the moment it crosses the 
section at E the obsener 0 
signals, the sounding 
taken in the boat, and B 
With a box sextant takes 
the angle ABE This is 
repeated till soundings at a sufficient number of points 
have been ascertained from which to plot the 010 =^ ecction 
The soundings may be taken bj a graduated rod if the dept i 
is less than 15 or 18 feet or by a weighted cord or lead lino 
or chain If the aelocity of the stream is considerable the 
u eight should be di'?c sinped or lenticular, so as to expo«c na 
httlo surface normal to the current ns po<?'»ible A siinj' ^ 
winch and wire arc conaenicnt for lowering the ueioht am 
the uinch nnj lla^c a counter which shows tlio doj)t!i ^ 
the obscrcations the section is plotted, and the ana aiu 
a\ctted |>criiuctcr x ore calculatod 

The area of a plotted cross section inaj Ik> obtaine<l h' 
planinieter or bj dividing tlie width of tlie stream into 
Rp.iccs and measuring the n + 1 vertical orthn itos at t a ‘ i' > 
ing point*’ JjcI I lie the width of a dni'^ion and f'e ' t • 
bo the measured oniniate** riicii bj the trii>o?ou!il ni e 



Fig 122 


arc i is 


,) 
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If the end ordinito-i nre zero 

— f(Ai + Aj + . +Art-i) (() 

If there nre ten ppacc^ Simp<^n’s mlc miy be u«od with 
somewlnt greater necunej — 

n = 5((*o + W + <(‘. + *,+ +*.) + 

=(*, + *,+ (2) 

j\a tlic lo\cl of n Ftnnm Aanes from time to time, a le\el 
gauge phould bo fixed befort. operition'5 nre begun The water- 
level phould bo noted on tliia gauge when taking the cross 
sections and nftcn^a^ds when the aelocitj' obscr\ations are 
made 

If aelocit} ob'cnations arc to be taken at least two cross 
sections should l*o measured and the aacmgo values of x ^ 
computed for u^o in calculations 

ICO Float ganging —The aclocity m a stream may bo 
directly ob«encd by taking tlie time of transit of a float over 
a measured Icngtli of stream Surface floats are used to 
determine suffice aolocitics Tlic^ may be balls or discs of 
wood or cork A tuft of oil> cotton-wool which does not get 
wet, IS a useful means of remlcrmg them visible Captain 
Cunningham at Eoorkee * u«cd 
thin deal di«cs 3 inches diameter 
and 1 inch thick Sub surface 
floats — To ob«c^^e aolocitics be 
low the surface a large rclatiacly 
heavy float (Fig 123) connected bj 
a thin wire(nhout 0 015 inch thick) 
to a small, light surface float, liis 
been used It is assumed that the 
motion of the combination is prac 
tically that of the sub surface float 
the influence of the surface float and 
connector being negligible But if Fig i‘>3 

the laige float is made nearlj of the 

density of water, so that the surface float may be small the 
eddies prevent the largo float from keeping its depth If the 
1 Koortte Hjdmvhe Expentnents by Captain Cuaawgham RE 

(Thomason College Press) 
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lower float h lica\}, tlic upper float must be large, and then 
its influence ou tlic motion of the combination js not negligible 
and tiio aelocity observed is not the true sub surf ice velocity 
Fig 124 sliovvs the form of sub surface float u«cd by Captain 
Cunninglmm at Iloorhec It consists of a hollow metal ball 
connected to a di'ic of cork Tlic influence of the connecting 
wire on the motion increases ns the depth of the subsurface 





y 124 ri- 32» 

float increases, and the observations beconio less trustworthy the 
greiter the deptli Twin floats — Fig 125 shows two equal 
balls connected b} a wire, the lower being loaded so that the 
combinatiou just floats The motion of the twin float must 
be nearl} the mean of the surface velocity and the velocity at 
the depth at which the lower float snims Thus if v, is the 
surface velocity, and the velocity at the depth d, the velocity 
of the twin float is v = \(v^ + vj) If v, is ascertained by 
means of a surface float 

*rf=2i-t, ( 3 ) 

Captain Cunningham found the twin float more satisfactory 
than the sub surface float, but the influence of the connector 
increases with the depth, and also the uncertainty as to whether 
the lower float keeps its depth or is tossed about by eddies 
in the water 

161 Rod floats — Fig 126 shows another form of float 
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\ised m some early researches Its use has been revi\ed by 
Captain Cunningham iii India In its simplest form it con- 
sists of a uooden rod a\ith a cap at the lower end in which 
shot can be placed, so that the rod floats nearly upright, and 
with little projection above the 
water-surface Wood rods may 
be made m lengths which can be 
screwed together Cunningham 
used sets consisting of lengths 0 1, 

0 2, 0 3 . . up to 1 foot, and 1, 

2, 3 . . up to 12 feet, but tube 
rods of tinplate about 1 inch in 
diameter made of graduated lengths, 
adjusted to float at definite depths 
in still water and marked, uere 
found more convenient He found 
that the \elocity of a rod, the 
immersed length of which was 
nearly equal to the depth of the 
stream, is a close approximation 
to the mean \elocity on the \crti- 
cal corresponding to its patli, and 
he considered it the most accurate means of float gauging in 
suitable conditions. At any rate the gaugings showed that 
though the rod necessarily was shorter than the full depth of 
the stream, its aeloaty was very approximately the mean 
velocity at the vertical corresponding to its path The rod 
float IS certainly free from the chief objections to the sub- 
surface or twin float 

1C2 Float paths and time of transit — In the part of 
the stream selected for gauging two cross sections are fixed at 
a measured distance apart, and the time of transit of the floats 
between these sections is obsened The floats are thrown in 
above the upper section at aanous points in the width of the 
stream. In careful gauging the exact float paths should be 
obsened The two end sections may be marked by cords 
stretched across the stream, and if the®e ha\ e coloured tags at 
equal distances it is possible to note approximatclj the 
distance from the bank at which each float crosses each K-ction. 
If I IS the distance between the cross sections, and t the 



Fig 126 
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time of transit then v = Ijt is the velocity of the stream at the 
position of the float path normal to the cross sections 

In lar^e stieams the float paths must bo observed by bov 
sextants or theodolites A base line AB (Fig 127) is set out 
parallel to the thread of the stream 

A ^jlj J j i C n in Ranging rods are set up at 

I 1 ^ jit I on lines at right angles to the base 

^ I I usually on the lines of surveyed 

I transverse sections Observera are 

I' [j * I stationed at A and B with sextants 

' 4 j Floats are dropped into the stream 

' N from a boat upstream of AAj 

j I , I -^3 the float crosses AAj at C the 

, I obsener at A signals and B takes 

I [I H[| B the angle ABC AVlien the float 

I r f I J 1 I Pill ’ crosses BBj at I) B signals and A 

I takes the angle BAB Anobseraer 

Fig also notes with a chronograph the 

time between the signals All the 
data are so obtained for calculating the aclocit} and plotting 
the float path CD 

The best length of the float path depends on the aelocity 
and regularity of the stream, lengths of 50 to 260 feet ha\c 
been used The longer the base the less the error of the 
time obseraation But on the other hand the longer the base 
the more the floats stray about into regions of differing 'clocit^ 

In the Ganges Canal researches Captain Cunningham found a 
run of 50 feet best for the central parts of the stream but 
near the banks this had to be shortened to 12* feet Bith 


any longer run tlie floats strajed to the banks 

103 The screw current meter- — Tins was termed 
eail} h} draulicians the "Woltmann iVIiII In improved form 
It is the most generally useful and if properly c.ihbnted tJje 
most accurate apparatus for measuring velocit} in streams. 
A screw propeller like that in Fig 128 delicately sup] ortid 
drives a counter by a worm The counter can be put in or 
Out of gear by a cord The meter is fixed on a rod or length 
of gas pipe and held in the water in the desired position 
A rudder keeps the propeller ficing the strciin I he counter 
IS put in gear for one minute or more and from the di/Itrcnn 
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of the counter readings divided by the duration of run the 
velocity IS calculated In its ordinary form the meter must 
be lifted from the water to read the counter, and cannot be 
conveniently used at greater depths than about seven feet 
Harlacher screw current meter — This is a current meter 
with an electrically actuated indicator showing the revolutions. 
The meter is on a sleeve which slides on a substantial hollow 
cast-iron rod, and can be moied up and down the rod by a 
cord passing down inside it The rod is long enough to be 
firmly fixed in the bottom of the nver The cord is wound 



on a barrel fixed to the rod, and thw has an indicator showing 
the depth of the meter from the surface The iihole apparatus 
ts fixed on a rail \\hic£i can mo\ed across the stream, and 
anchored at each lertical at which the velocities are to bo 
taken A current from a small primary battery passes down 
an insulated wire and back by the rod. A contact piece on 
the shaft of the screw closes the circuit every reiolution 
The current dnies a kind of electrical clock with two dials, 
one shoningre\olutions and the other hundreds of reiolutions. 
The apparatus being fixed at a vertical in the cross section of 
the stream, the meter is dropped by the cord to points equi- 
distant on the ^e^tlcal, and at each the rciolutions in one 
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time of transit, then v ^ ijt is the \elocity of the stream at the 
position of the float path normal to the cross sections 

In large streams the float paths must be observed bj box 
sextants or theodolites A base line All (Fig 127) is set out 



parallel to the thread of the stream 
Hanging rods are set up at A^, 
on Unes at right angles to the base, 
usually on the lines of sune^ed 
transverse sections Observers are 
stationed at A and E with sextants 
Floats are dropped into the stream 
from a boat upstream of AAj 
As the float crosses AAj at 0, the 
observer at A signals and B takes 
B the angle ABO When the float 
crosses BBj at D, B signals and A 
takes the angle BAD An observer 


Fig 127 also notes 'With a chronograph tlie 


time between the signals All the 
data are so obtained for calculating the velocity and plotting 


the float path CD 


The best length of the float path depends on the velocit) 
and regularity of the stream, lengths of 50 to 250 feet have 
been used The longer the base the less the error of tlio 
time observation But, on the other hand, the longer the base 


the more the floats stray about into regions of difllnngaelocit} 
In the Ganges Canal researches Captain Cunningliam found a 
run of 50 feet best for the central parts of the stream, but 
near the banks this had to be shortened to 12^ feet With 


any longer run the floats strayed to the banks 

163 The screw current meter — -This was termed by 
early hydraulicians the Woltmarm JfilL In improved form 
It is the most generally useful, and if properly cahbiatcd, the 
most accurate apparatus for measuring velocity in Btreiuis. 
A screw propeller, like that in Fig 128, delicately supported. 
d.nves a counter by a worm The counter can be put hi or 
out of gear by a cord The meter is fixed on a rod or Jewglh 
of gas pipe, and bold m the water in the desired position 
A rudder keeps the pro]>cIIer facing the stream The counter 
13 put in gear for one minute or morc, and from the difilrcnce 
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of the counter readings divided by the duration of run the 
velocity is calculated. In its ordinary form the meter must 
bo lifted from the A\ater to read the counter, and cannot be 
conveniently used at greater depths than about seven feet. 

Harlacher screw current meter. — This is a current meter 
^vlth an electrically actuated indicator showing the revolutions. 
The meter is on a sleeve whidi slides on a substantial hollow 
cast-iron rod, and can be moved up and down the rod by a 
cord passing down inside it The rod is long enough to be 
firmly fixed in the bottom of the river. The cord is wound 



Fig. 128. 


on a barrel fixed to the rod, and this has an indicator showing 
the depth of the meter from tlie surface. Tlie whole aj)|>aratus 
IS fiscd on a raft winch can be roo\cd acro'^s the strunn, and 
anchored at c-acli vertical nt which the velocities are to l>o 
talvcn. A current from a small primary billerj* p.i"^e3 down 
an iii'ulited wire and back by the rod. A contact-pii'cc on 
the fhifi of the screw clo*!os the circuit c\ery rtwolulmn. 
The curnmt driios a kind of electrical clock wiili two dial*, 
ene showing rcNoIutious and the other liuudreds of resolutions. 
The nj'jviratu'i being fixed at a vertical m the cro^* S't^ticri cf 
the stream, the inettr is dropped by the cord to joints «ijui- 
di'-tmt on the Nerticnl, and at cadi the re'olutions in ent? 
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+ + ( 1 ) 

Or the %ertical velocity curto im} be plotted, and its mein 
ordm'ito found The meter can bo used iMth great f'lcihtj 
m rivers even in flood 


Evample or CoRiiEVT Meter Observations on a \ertic\l 
Vertical ho 3 

Depth at \ crtical, 2 6 feet 2 L 60 in. p tn 

Diotaiice from zero of transverse section, 32 feet 
Water lev cl on gauge, 1 65 feet 


D^PUl 

No or 
ItetoloUoav 

Time 

I(<‘\olatloai 

jet 

MF4n 

Retotutloni 

j-er^BponJ 

Veoclty 

lf*l 

j<er ‘v'cond 

03 

290 

75 



3 325 

03 

-10 

CO 

4 000 


0(S3 

-J? 

€0 

5 P50 

5-0:3 

3 309 

0C3 

-JS 

CO 

3 %(i 

0 DC 

217 

GO 

3C1C 



0 'la 

0 '16 

240 

IDS 

CO 

CO 

4 000 

3 300 

• 3-C37 

3 050 

0 DC 

218 

CO 

3 C33 



1 20 

2J1 

C5 

3 COO 



1-20 

211 

C5 

5-216 

3 110 


i-^o 

2J0 

75 

3 413 



1-C2 

1 C2 

102 

170 

60 

60 

3-200 

2 076 , 

. S-C'S 

- COO 

1 'll 

1C5 

CO 

- «00 ' 

3 

o «»» 1 

1 '>3 

1C5 

Cl 

-70.> , 


. -vJ I 

2 CO 

II«1 cf 

«trr.im 

1 


1 


Here the mean iiJociO on tin t«r|jcal 1/ eij (4) ii 

t*= J 33^1 ie.’ + 2-C + 2 57 + 3-0^ + 3 30*'+ 1 C'Sj 

+ ^0 3x3 32*^ + <3"23"3^ J .<51 f rt |<r »rfr I 


In connection vith tbii it maj K tnonijnnfxl lint in 
mum,; the ? 'im at Win. li r in 1S80 a J> ac« n i Ie« tn 
tumnt iinl«r \'a< u- il lixi**! in a frvtu* ni'j- n I I fn n a 
2s’(» 12 "iti p’n'tlixl ll nvtr TIi rivrft»‘’ 

lh0fi*vvi» an! n(. It t”' fxt «I-H. n ’• 

\xi'\ I V 1 n’ • rv f - • « f d I ill * n aril nlv If <r JO fr * 
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apart in the cross section. The frame carrying the meter 
was suspended from a small carriage on two 3-inch pulleys, 
and tra\ ersed by an endless wire passing over pulleys on the 
end supports of the carrying wire. Other wires from the 
frame, carried o\ er a pulley on the carnage, served for raising 
and lowering the frame. Lastly, a wire with a cast-iron 
anchor-plate of 70 lbs. passed through the frame and over 
the carnage, and served to keep the frame vertically in position 
during the observations. Insulated wires from the meter, 
through which a current passed when contact was made at 
the meter, indicated on shore the revolutions of the meter 
(Tomer, Proc. Inst Cinl Engineers, Ixn., 1884). In some 
cases the meter has been used by obcervers on a travelling 
platform suspended from a wire rope stretched across the 
stream. In a gauging of the Rhine by Baum {Proc. Inst 
Citil Engineers, Lm. 456) the current meter was used on a 
platform between two coupled boats, sliding on a T*iron 
4' X 

164. Calibrating the screw cturent meter. — The 
accuracy of \elocity obsenations by current meter depends 
entirely on the care and skill used in determining the constants 
of the instrument If the screw propeller were of uniform 
pitch p, and if It were frictionless, then it would make one 
revolution for p feet of water passmg it The relation of 
velocity r and revolutions per second n would be r—pn In 
any actual instrument the«e conditions are not satisfied. At 
some velocity Vo (about 4 inches per second or les*) the meter 
ceases to revolve, being held by fraction. Also the pitch 
cannot be accurately measured. Hence the relation of r and 
n must be determined by experiment It is generilly as^utned 
that the form of the relation is linear, so that 

r = an + /3 (5X 

where a and /9 are constants and /3 i«s the velocity at which 
rotation ceases, Eincr Iia-s «hoivn tbit the following oquitioa, 
on theoretical grounds, is mow onct and K'tur agroos with 
experiment : 

VB \'(aV + /r) . (6). 

But when the lowest w'lxvili not !c<s tl an 1 foot per 
focoud, cq (5) IS pnctioilly aexurnto and r'on,' convenient 
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rcqumng a good dcil of care. It should be repeated man) 
times to eliminate erroro. A belter plan is to fix the meter 
on a truck running on nils alongside a qua): walk Slow 
velocities are iHist obtained b) towing the meter hj a winch 
Sometimes one current meter can be uahbrated by companng 
it with another previously calibrated. It is not very satis- 
factory to obtain the constants by placing the meter in a 
stream the iclocity of which has been determined by floats, 
but perhaps good results would be obtained if the speed of a 
stream was determined by a Pitot tube and the current meter 
used in the same stream at the same place A check on the 
calibration of a current meter Ins sometimes been obtained 
by using it to measure the \olumc of flow in a channel the 
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discharge of which was also measured by a weir In a few 
cases the constants of meters have been ascertained by towing 
them in the Admiralty tank at Torquay, m which ship models 
are tested. The means of registering tune and speed are so 
perfect in this case tliat the results are very trustworthy (see 
Gordon, Proc Inst Meek Engineers, 1884) 

165 Pitot tube and Darcy gauge — A very earl) 
instrument invented by Pitot in 1730, employed m a modified 
form by Darcy and Bazm in their classical researches, has 
agam come into use in determining the velocity of currents of 
water and air Suppose a bent tube, such as that shown in 
Fig 131, immersed in a stream of water When the mouth 
of the tube points upstream as at A, the impact of the fluid 
produces a pressure which raises the water in the tube to a 
height h aboNe the surface outside If, as at B, the mouth is 
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parallel to the etream, there is no impact, and the i\ater inside 
and outside are at the same Ie\el If, ns at C, the mouth 
points downstream there is a certain amount of suction and 
the level in the tube is depressed I 17 
some distance Pitot used two 
tubes arranged as at A and B, and 
found that the differenco of lc%ol was 
^erj nearly v‘l2g Hence the spcaal 
ad\antagc of this instrument is timt, 
if properly constructed, it is nlmoct 
independent of the need of cilibn- 
tion 

An objection to the original Pitot 
gauge was the difficulty of reading the 
height A when the gauge was in tlie 
water This is o%crcome in the modified 
Darc> gauge sliown in Pig 132 The 
gauge IS shown clamped at B on a rod 
AA resting on the stream bed The 
tubes corresponding to A and B m 
Fig 131 arc at d, being made Mr) 
small toA^old disturbing thefiow TJio 
mouth of the statical tube opens down- 
wards. Tho tubes rf communicate with 
tho gloss tubes h, h, which can be shut 
off bj a two wa} cock c netuoted b) 
corda In order to bring the water 
columns in b, h into a convetnent ]) 0 <:i 
lion for rending a partial Micuum it 
made alK)\e them bj hacking out a 
ff 1 1 _J J I little air bj the tiilx) m and then 
/ closing ft cock at a The di/finnce 

of licjglit of the columns is not altered 
b) mi'ing them TIjo columns lnMOg 
come to rest, tho cock c i*' ilo“od and 
Tj; 132 . tliQ n uliiigs tiktn b) Mnnorc lor 

a velotxtj of one foot r ^Tfud 
A*=018G inch, which is ritlnr «n ill but /« inci\V‘«'’ a* 
tbo square of the so tint nt 1 ficl i>tr rt'comi f 

inches notrl) 





that the true rale** /"f i «* “J t l ' 7 • tr ' r * 'j 

White {Joum, Arx Alv' }r^ /- ^ /Ji t * 

Huhbell, and IcnUlJ {Trarj An. r/ f ir t } TfJ fffTt 
1902), found that jf iN t'W 7t»Il f f,' t} 

coefhcient vras umtr Tlir*ltxJW/v ^ /r<f Jrjryfrif 

using Pitot tol>^ in a curr'''t ** ai' f ' J / 

Stanton, in eitrc^^ly aoi'U’Tit/ kcj>^’ t* f»; t} »- /i 
air, found 7. as 1 03 (/’r(X /n^ f\ril /'n^ir^^rt 

The chief catL«/» cf < imtti< -n of tL' / / r t »/ r t/y )y- 

the action on the mouth r/ tl y »;. t ^*1 to>/ J/ tM* 

13 at all large, the ftrean lit#-* ar^- 1 /rt ryf ^ t'/ If /- i/yy,'// 

(iig 133), and th'''Tr i« a r-Ii^ht f’'lfirj/a/-ti/ri ^vf f' fi fi/ ^ »/i- 
This may hif* olnTited h/rfifiry- rjjv f tvd i// tf^ t'f/, 

as in Tig 134 Agoofl aTTAn/«iwnt n i/^ f/^nn tl / t>»oto>y* 


- % 


Fig 135 


corresponding to P lbs per square foot is P/G Or if the 
pressure is measured m inches of water tlie bead is 
5 2^iu/G in feet of air Then 

« = i N/(2?P/G) = ifeV(104?ftu/G) 


If the air is at ordinary pressure and temperature, and 
L as unity, 


166 Ratio of different velocities in a stream Surface 
and mean velocities — In reducing gauging observations it 
IS necessary to know the relation of the velocities at different 
parts of a stream Thus a rough gauging may be made by 
obser\ing the greatest surface velocity only, if tlie relation of 
the mean to the greatest surface velocity is known 

Let V be the mean velocity of the whole cross section, and 
Vq the greatest surface velocity, which may be found by using 
a surface float or current meter If SJ is the area of cross 
section the discharge is Q = flV Darcy and Bazin deduce 
from their researches on small regular channels that 


V = Vo-25 4 */m» (^3) 

But Y = cs/ 7 m, where c is a constant for a given typo of 
channel (§ 137) Hence 

(13a) 
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Tho following table gives values of V/vq for the values of 
cm § 138 — 


Hydraulic 
Slesn Depth 

Values of V/t^, for Darcy a Classes of Channels 

in Feet 

I 

11 

III 

IV 


0 5 

84 

81 

74 

50 

51 

1 0 

86 

83 

78 

68 

58 

20 

85 

83 

80 

71 

65 

5 0 

85 

84 

81 

78 

71 

10 0 

8G 

84 

82 

79 

74 

20 0 

80 

84 

82 

80 

76 

50 0 

80 

64 

82 

81 

78 

CO 

80 

84 

62 

81 

78 


Tho ratio decreases as the size of channel decreases, and 
still more considerably as the roughness of tho bed increases. 
In small wooden channels, probably fairly smooth, Prony found 
V/v(,s=0 82 In the smooth brick conduit at Sudbury, with 
a depth of 3 feet, tho mean velocity was 0 85 of the maximum 
\cIocity observed, and about 0 9 of the central surface %eIocity 
In the Vymwy stream gauged by Mr Deacon, the bed width 
was 33 feet, with side slopes 2 to 1, tho bed and sides being 
pitched With stone and the gauging section lined with concrete. 
Here in extreme cases the ratio %aried from 0 78 to 0 94, the 
mean of all obser\ations being 0 834 

In rivers with greater roughness and less well proportioned 
sections the ratio falls to much lower values 


[Table. 
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The half depth \ elocity wag 1 per cent greater than the 
mean veJocjtj at a vertical The rod float velocity was about 
4 per cent less than the mean The mean velocity was com 
puted from double float observations 

Wagner found the mean velocity at a vertical to be 0 8 of 
the surface velocity at the vertical when the surface velocity 
was not greater than 2 feet per second. Tlie ratio was 0 85 
for velocities from 2 to 4 feet per second, and 0 9 for velocities 
from 4 to 10 feet per second 

The depth at which the maximum velocity is found at 



the central vertical is from 0 to 0 3 of the whole depth Cn 
other verticals it varies a good deal according to the form of 
the channel section The position on a \eiticnl at which tho 
velocity IS equal to the mean lelocitj is fairlj constant and 
equal to 0 58 to 0 fl of the whole depth Tho inid depth 
\elocity IS very slightly greater than the mean \elocity 

168 Surface or rod float gauging — Tig 13C shovs 
a gauging of the Thames bj surface floats Tno section** 

I and II were sune^ed at the ends of a 200 foot base hue 
Tiiese sections are divided into ten compartments of equal 

\udth Between the sections the float paths are plotted A 

base line AB is tahen midwaj between tho sections and at 



xnt 


GAUGING OF STKE.UIS 


287 


the points wliere the float paths cross the line AB the 
ob'icrvcd reloatics arc set up as ordinates. Through the 
points so found the surface xclocity cur\c is drawn The 
curve of mean aclocitics on verticals can be found from this 
bj taking ordinates 0 85 to 0 95 of tho«e of the surface 
velocity curve, according to the character of the stream Let 
flj, n. be the mean areas of the ten pairs of compartments 
in the two end sections in square feet, and Vj.tj . the mean 
ordinate of the cun e of mean velocities corresponding to each 
compartment in feet per second. Then the discharge of the 
stream is 

Q = + fljf. + + £}jj,r, a cubic feet per second (16) 

The mean \eloatics might have been observed directly 
by usmg rod floats or sub surface mid depth floats. In that 
case the uncertainty due to the selection of the ratio of surface 
to mean velocity is obnated. The following table gives the 
results of the gauging shown in Fig 186 The mean > elocities 
on the 'verticals are taken at 0 93 of the surface velocities. 


Rrvta GacoesO, October 1877 


CompartmcBt. 

Mean Ares 
of Section, 
Sqnsre Feet. 

Meso Sarfsce 

V elocity 

Feet 

per Second 

Mean Velocity 
Feet 

per Second. 

Discharge 
Cnhic Feet 
per Second. 

L 

59 2 

409 

380 

22 5 

IL 

S3 5 

659 

613 

67 0 

IIL 

111 8 

905 

842 

93 9 

IV 

128 1 

1 206 

1 120 

143 5 

V 

138 2 

1 710 

1 590 

219 7 

n. 

153 3 

1 798 

1 670 

256 1 

VII 

157 3 

1 631 

1 520 

239 1 

VIIL 

144 1 

1 421 

1 339 

190 2 

IX 

116 4 

1 115 

1 037 

121 0 

X 

44 2 

579 

538 

25 7 




Total 

1368 7 


169 Discharge curve. — very convenient method of 
deducing the di^'chargo from n curve of menu velocities on 
verticals is to construct a curve with the stn im width ns ba'te. 
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and ordinates proportional at each point to the discharge at 
that point 

Let aeB (Fig 13T) be the stream section, A/B the curve 
of mean velocities on verticals Take al = af>=v, ac = k^ 
any convenient unit Join ce, and draw hd parallel to it 
Then is a point on the discharge curve 



If D = ag 18 the depth, and is the mean 

velocity at a, the discharge for any small portion dz of the 
width of the stream at a is 'Dvdx, and the whole disclmrge of 
the stream is 

Q = j" Dtdj 

But ctrf s= (ae X a6)/(ac), that is ad^(J)v)lk Lot y — <id, 
then 

Q = iy*ydx (IV), 

that IS, the whole discharge is proportional to the area of the 
curve AdB 

If tho area of the curve is measured lu square inches, and 
the scales are m feet per second and n feet to one inch, and k 
IS set off in inches then the area of tlie curve must be 
multiplied by mnk to giro cubic feet per second 

170 Calculation of discharge from the vertical velocity 
curves — If the vertical velocity curves have been drawn from 
current meter observations at difllrent depths, tho discharge 
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between each pair of verticals can be regarded as the volume 
of a truncated pyramid having the velocity curves as bases 
Let \ (Fig 138) be the distances between the 



verticals csj, the areas of the vertical velocity curves 

Then the discharge between the verticals w — 1 and m is 

= 1 + + 

The discharge of the two end sections may be taken as the 
volumes of pyramids ou the bases and a. Hence the whole 
discharge is 

1“^) + “”•} + |(“A + “A) (18) 

If the vertical velocity curve is plotted so that m feet per 
second = one inch, and n feet of depth = ono inch then 
one square inch of area represents mn square feet of water 
passing the \ertical per second. The areas of the cuiaes 
measured in square inches should bo multiplied by mn and 
the widths taken in feet in the equation, to get the result in 
cubic feet per second. 

171 Calculation of discharge from contours of equal 
velocity — If contours of equal aelocity have been plotted, 
as in lig 116, § 147, a method due to Culmann may bo 
used Let flo bo the area of cross section of the stream, and 
n„ Gj the areas included in the successive contours, 
tliG'so should bo reckoned m square feet, so that if the scale is 
m feet to an inch the areas measured m square inches must 
bo multiplied b^ Let rf be the intenuls of aelocitj for 
vluth the contours are plotted m feet per second. Then the 
di«chirge of any one lajtr of thickness d is + 

19 
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The top layer of small volume will usually have a thicXness S 
less than d, and its volume may be reckoned •with accuracy 
enough as J Hence the whole discharge is 




fin ,+fi, 


-d + §finS 


= + (19) 

172 Gauging streams by chemical means — C E 
Stromeyer has experimented with a chemical gauging method 
(Proc Inst Civil JSngineers clx 349) A fairly concentrated 
•solution of a chemical for which a sen8iti\e reagent is knottu 
IS discharged at a uniform rite into the stream to be gauged 
Analyses are made of the water before the chemical is added 
and after it has become well mixed with the stream Let x 
be the percentage of chemical m the solution, y the percentage 
found in the water, a the \oIume of solution added per second 
and Q the discharge of the stream 
X _Q 
y~ a 

Chloride of calcium, of magnesium, or of sodium and other 
chemicals may be used 



CllArTEIl XIV 

IMPACT ASD PEACTIOS OF FLUIDS 

173 ^VliES n Btrcam of fluid impinges on a solid surface, it 
exerts n pressure on tljc surfico ^^lncll is eq^uil tind opposite 
lo the force exerted bj the surface on the fluid in changing 
Its momentum 

If a fluid glides 01 cr a solid aho moling the motion of 
the former can bo resolied into tiio components — one a motion 
iihich the fluid and solid liaic m common, the other a motion 
of the fluid rclatiicl} to tho solid The motion which the 
fluid has m common nith the solid cannot be aflccted by their 
contact Tho rclatiic component can be altered in direction, 
but not in magnitude, for the rehtiic motion must be 
tangential to tho surface, iilnlo the pressure between the 
fluid and solid (friction being neglected) must bo normal to 
the surface Tlie pressure can deviate the fluid, but cannot 
alter the magnitude of the rclatne motion The absolute 
aelocit) of the fluid after contact with the surface, is found 
bj combining the deviated but othenviso unchanged relative 
motion, tangential to the solid at the point where the fluid 
leaves it, with the common velocity of fluid and solid 

The prmciple of the conservation of momentum has 
alreadj been explained in § 35 The impulse of the mass 
of fluid impinging in a given tune is equal to the change of 
momentum, the impulse and change of momentum being 
estimated in the same direction. If Q cubic feet or GQ/y 
units of mass impinge m one second with a velocity v, in a 
given direction and is the velocity m the same direction 
after impact then the pressure exerted, also in the same 
direction, is 
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The top layer of small volume will usually have a thickness B 
less than d, and its volume may be reckoned with accuracy 
enough as ^ Hence the whole discharge is 






d + 


= i|5;!2_fkiS| + |c„s (19) 

172 Gauging streams by chemical means — Mr C E 
Stromeyer has experimented with a chemical gauging method 
(Proc Inst Civil Engineers, clx 349) A fairly concentrated 
solution of a chemical for which a sensitive reagent is known 
IS discharged at a uniform rate into the stream to be gauged 
Analyses are made of the water before the chemical is added, 
and after it has become well mixed with the stream Let x 
be the percentage of chemical m the solution, y the percentage 
found in the water, a the volume of solution added per second, 
and Q the discharge of the stream 

y a 

Chloride of calcium, of magnesium, or of sodium and other 
chemicals may he used 
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IMPACT AND REACTION OF FLUIDS 

173 WnEN a Btrcam of fluid impinges on a solid surface, it 
exerts a pressure on the surface uhich is equal and opposite 
to the force exerted by the surface on the fluid in changing 
its momentum 

If a fluid glides over a solid also moving, the motion of 
the former can be resolved into two components — one a motion 
ivhich the fluid and solid have in common, the other a motion 
of the fluid relatively to tho solid Tlie motion which the 
fluid has in common with the solid cannot be affected by their 
contact The relative component can be altered m direction, 
but not in magnitude, for the relative motion must bo 
tangential to tho surface, while the pressure between tho 
fluid and solid (friction being neglected) must be normal to 
the surface The pressure can deviate the fluid, but cannot 
alter the magnitude of the relative motion The absolute 
velocity of the fluid, after contact with the surface, is found 
by combining the deviated but otherwise unchanged relative 
motion, tangential to the solid at the point where the fluid 
leaves it, with the common velocitj of fluid and solid 

The principle of the conservation of momentum has 
already been explained in § 35 The impulse of the mass 
of fluid impinging m a given time is equal to the change of 
momentum, the impulse and change of momentum being 
estimated in the same direction. If Q cubic feet or GQ/y 
units of mass impinge m one second with a velocity Vi in a 
given direction, and tj is the velocity in the same direction 
after impact, then tlie pressure exerted, also m the same 
direction, is 



292 


hydbatjlics 


cnir 




( 1 ) 


174 Jet deviated wholly in one direction —Let a ut 
of water (Fig 130} impinge on n ciirvcrl trough-shaped \iiie 



JV 13? 

at, FO that It i"? in tho plnn»- of ihi Lt 

n pros* ut in tm^intu I and dm'ctton tli r < f t! 

mul <if *3 « lint of tin ^atl4 (*mjUtuv pirdl 1 

af ear iiM\ lx n’^Iicd into tw<i ((iiniKti) nt*'— a iiNuv n 
conmonwitli tin aaiu nii I ii ri hljtt I > tl 
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Tine orf=r^ In onler tint there. may be no shock or 
di'turKince of the water at a, the tangent to the lip of the 
vane mu't be parallel to ad Tlie water glides up the vane 
with the velocity and leaacs it tangentially with this 
relative velocity unchanged. Take ^ tangential to the aane 
and equal to and rj equal and parallel to the common 
velocity ocssit Completing the parallelogram, eh is the 
absolute aclocity and direction of motion of the water leaving 
the vane Take aL equal and parallel to eh, and join h. 
Then the initial aclocity and direction of motion ah are 
changed dunng impact to a), and }h = vj is the change of 
motion If Q cubic feet of avater impinge per second the 
presaure on the aane is in the direction th and equal to 


Since aJ is equal and parallel to eh and ae to eg, 7c is equal 
and parallel to hg, and therefore to ^ Hence eJ, eh are each 
equal to and parallel to the initial and final directions of 
relative motion It is unnecessary to consider the common 
velocity in treating the problem. The change of motion 7h 
IS repre«ented in magnitude and direction by the third side of 
an isosceles triangle el &, the other sides of which are equal to 
the relatne velocity and parallel to the initial and final direc- 
tions of relative motion. 

175 A jet of water impinges azially on a solid of 
revolution, which is moving in the same direction. 

The section of the jet (Fig 140) is suppo'=ed much smaller 
than the solid The water is denated symmetrically in all 
directions and flows away at an angle 9 with the axis, each 
elemenfcaiy stream being deviated through the same angle. 
From the symmetry of the conditions the resultant pressure 
on the sobd will be axial. Let v be the velocity of the water, 
u that of the solid. Since the common velocity is the same 
before and after impact, it may be disregarded. Parallel to 
the axis the relative ^ eloeity is v — u before impact, and after 
impact its component in the •=ame direction is (r •— «) cos 0. 
If G) is the section of the jet, the quantity of water impinging 
per second is — w), and its ma*!* is Ga>(c — The 
resultant pressure on the surface, which is equal to the 
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change of momentum per second, estimated in the same 
direction, is 

^ “ «){(p -u)~(v~u) cos 

= ~ta(v-uy(l-tos0)lbs (2) 


Fis no 

The work done by the water in dnring the solid is 

Pm = — m(v ~ w/(l - cos $) ft Jbs per second (3) 

If the solid IS at rest, u = o, and then 

P = -U»P'’(I-C03^), 

and no work is done The work done will also be zero if 
u~v Ilenco there must be an intermediate ratio of « to i, 
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for which the work is a maximum. The total energy issuing 
from a fixed nozzle would be 


G 

->tav 

9 




and the efficiency of the arrangement, considered as a means 
of utilising the energy of the jet, is 


17 = 


2u(t-u)*(l - cos 0) 


(4) 


Differentiating and equating to zero, 

^ - 4tu + = 0, 

da ’ 


whence 17 is a maximum if u^vjZ Inserting this value. 


= -c£>3 0 ) 


(C) 


In a number of lijdraulic machines, a jet octs on a series 
of xanes which succeed one another in the same position at 
very short intervals of time Such xanes ere attached to a u heel 
and therefore have a circular path But the path of each 
during the action of the jet is \ery short, and if the radius 
of the wheel is large, the cunaturc of the path may bo 
neglected Then the quantity of water per second which acts 
on the senes of vanes is wv, and the equations become 


P = ^ wr(r - «X1 - C03 0) lbs (C) 

t Pu = ^(Dini(r-«)(l -CO3 0) ft Iba per eecond (7) 

2u(r-«Xl - cos 0 ) 

^ 

\ 

The eflicienc) is greatest if tt = r 2 and then 


i(l -cos 0) (8) 

17G Special Cases — Case I. A jet impinges normally 
on a plane moving in the same direction. — I>et r (Iig 141) 
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change of momentum per second, estimated in the 
direction, is 

P ^ ^ ti)(« - - «) - (t) - «) cos 0} 

= cose) lbs (2) 
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for which the work is a maximum. The total energy issuing 
from a fixed nozzle would be 


G r2 


— >i»p— 

9 2 




and the efficiency of the arrangement, considered as a means 
of utilising the cnci^ of the jet, is 


V = 


2u(t-«)*(l ~co3 6) 


(4) 


Differentiating and equating to zero, 

^ - 4ru + li* = 0, 

du 


whence is a maximum if us=t»/3 Inserting this value, 




^(i-cose) 


( 6 ) 


In a number of hydraulic machines, a jet acts on a series 
of vanes which succeed one another in the same position at 
very short intervals of time Such vanes are attached to a wheel 
and therefore haie a circular path But the path of each 
during the action of the jet is \ery short, and if the radius 
of tho wheel is large, the curvature of the path may be 
neglected. Then the quantity of water per second which acts 
on the series of v anes is or, and the equations become 


P = ^ (jr(r — u)(l - cos 0) Ibo (6), 

Pu = ^ — ti)(I - cos 0) ft lbs per second (7), 

2h(p~«X1 “COS 0 ) 

V ^5 

\ 

The efficiency is greatest if « = «/2, and then 


w = i(l-ws0) (8) 


17C Special Cases — Case I. A jet impinges normally 
on a plane moving in the same direction —Let v (Fig 141) 
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be the velocity of the 



jet. and u that of tbo jd.ine, Tlie 
relative \eIocity is r — w. If is 
the section of the jet, the quantity 
of water which reaches the yhne i*? 

— cubic feet jicr sccoiul In 
the (brection of tlio jet the inilnl 
velocity of the water is v, nm! its 
final velocity after irupict is u. 7hc 
pressure on the phne, '^l»ich is cquil 
to the change of nioininlum j'lr 
second, is 


r 


a 


tt(r~u)(r- 




i\c U1 


iu(r~ u)‘ Il>s , 


and tho work done in driving the pliiio is 
0 

pw e ^ u(r~ u)^u !t Ihj per iccoml 
Tins 13 a inaiiinum for « « r 3, and then 




1 a 

-* 9 


tjr' ft lbs |>cr eccoml. 


The‘‘e ri*sults uni be ol»tanutl by juitting in iq* -) 

mill (3). If the plane is at n «l, « ^ 0, and thou 


It npjM’iM tint if the an i of th** jiIiih* n h'*’ tl ‘U 

times ilionrviof theyt, the « fftinr d- Mitmti n h-‘ t? "i 
PO’, and the |in‘«uri* is 1- •» 

Case II. A eeries of plane vanes are Interposed in 
front of the jet in auccessloa. — Th* ctl-r i-'-hti •• 

f 5} tl r U’.«* as ifj C* 1 1.*' ( f' Thi' Atr “ 

ri*'/Myilnti d nilh tint nf an iir br-’ t uh-*! "»!’i 
f ‘M* \ih. h rn!< r in f i*- ii in fr> nt f f a f'r ‘ 
j*.»i l' ' \i ! . j'y di ♦ t«» I’ • 1 '•» I drinr tl f r 1 1 I’ ' 

qtnniity « f w r f [•?»■*’•*! • •» t‘ » i' »’ * 

f'« 1. T? •* j *' • ' -'f* i n t* *” r* *: ^ I f % A* * n 
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xi% 


P = — wr^r - «) I!)S 


Tlie ^^o^k (lone in (ln\ing the \nncs is 
G 

r« tz j wru(r - ii) ft lbs per second 
Tins 13 n mnxinium if w := t /2, mid then 

4 if 


Tlic«c results enn bo obtiined putting 0=90* in eqs (6) 
find (7) 

Case ni A jet of water impinges on a senes of hemi 
sphcncal enps moving m 
the same Erection (Fig Zu-v 
142)— Here the inter is 
demtod through 180® The 
iniliil rclitirc >cIocit) Js 
V— «, and the final — (c — «) 

= u — r, both pamllcl to the 
direction of the jet The 
quantity of I'ater impinging 
per second is cubic ftct 

P = ^ urj{r - ti) - (« - r)} 

s= 2 — ur{v - «) lbs 

9 Fjg 1<2 

The uork done is 

Pu=2® wni(r - «) ft Iba per second 
This 19 greatest ^^hen «=:t/2 so tint 2«“-o = 0 and then 
^ ft lbs per second, 

or equal to the whole kinetic energy of the jet This roughly 
corresponds to the case of the Pelton wheol which on high 
falls reaches an efficiency of 0 8 or more the loss being due 
to fnction and imperfect deaiation of the water as the buckets 
pass in front of and away from the jet 
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177. Pressure of a steady stream of limited section on 
a plane normal to the direction of motion — Let CD (Fig 
143) be a thin plate normal to the axis of a pipe through 
which water is flowing, which for simplicity is taken horizontal 
The elementary streams, parallel at A^, are denated in front 
of the plate, form a contraction at A^, and then comerge, 
leaving a mass of eddies at the back of the plate, and at 
some section become parallel again It may be inferred 
from the convexity of the stream lines in front and the 
concavity behind the plate that there is an excess pressure 



in front and a negative pressure behind the phto, the sum 
of lyhich forms the reaction B causing changes of momentum 
in the water, and which is equal and opposite to the tota 
pre‘5sure of the water on the plate Since the same amount 
of uater at the same velocity passes the sections A© A* m a 
guen time, the kinetic energy flowing in and out is the same, 
and the external forces acting on the mass between Ao an( ^ j 
must be balanced Let SI be the section of the ” 

Ao or A;, and a the area of the phto CD The area o lo 
contracted section of the stream at Aj is c/fl — w), w icre i 
a coeflicient of contraction For snnplicit} let 
n/{c,(n-<o)}=r Then r = p/^/p-l)} 
aelocitj at and A*, and r, the aeJocit> at A, 


f - w) 
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Let ^0 Pu Vi the pressures at A^ Aj, Ao respectu ely 
Applying Bernoulli’s theorem to A^, and Aj, 


G 


2? G 2s-’ 


and similarly for Aj and Aj, allowmg for the loss in shock 
due to the relative velocity — v (§ 36) 


Pi 

G 



2y ’ 


Pi_Pi *(gt - 

G G“ j7 ' 


Po-P2 = G 


(u-^r 

29 ’ 


or replacing by its value abo\e 


The external horizontal forces acting on the mass between 
Ao and Aj are the difference of the pressures on the sections 
Aq and As and the reaction of the plate CD, and the«e arc m 
equilibrium, there being no resultant change of momentum. 
Hence 

and the total resultant pressure on CD is 


R = Gfl{r-l)*J- = G/>«(r- 1)*‘ 
=KG„|:. " 


uhere K is a coefficient depending onlj on p and c^. 
c,= 0 85. 


fis 

3 

4 

10 

SO 


K = 
3C 
1 8 
1 3 
-9 
2-0 


Thus if 


As p mcrea^tes, K diminishes to a minimum and then increases. 
This IS not intelligible, and therefore <■, cannot haie a con«tant 
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c.i«o of tJjo longest prjszn it noiiW seem tint the men. i«o of 
resist nice is due to skm fnctioii For u jihiic one foot 
pqu-irc ino\cd in still water Dubuat found Ky= 1, K^ = 0 433, 
K « 1 433 Morin, Piobert, nud Dulioii found K = 1 3G fir 
planes ino\cd normall} through air, and Tlnbaiilt oblnnctl a 
nieaii ^alue X = 1 S3 

180 Stanton’s experiments* — A ^cly careful rt'searcli 
Ins been earned out hy Br Stanton at the Xntiouul rhjsnal 
Laboratory The solids were placed m a cjlindrical tniiA 
2 feet in diameter and 4 ftct C inches long, tbrougli whiih 
a stead} current of air was drawn by a fan It was found 
that if the area of a plane placed in tins trunk was more 
than l-144th of the cro'^s section of the trunk, thoro wa<? a 
perceptible incrca«c of lesi'^tmce due to tlic action of the <ul(a 
of the trunk winch cau'^cd an men. i«o of the negatnc Kick 
prc’S'surc lienee tlic experiments were Imntoil to \cn small 
plines Tlie niaaunum intcnsit} of front pres-sure at llu 
centfL of a circular or cqimre plant, normal to Ibo turrtnt, 
was nlwa}s aery npjiroximatcU 




lbs i>cr square fool, 


and the intonsit} of pressure diminished tou irds tlit 
At tlio liuk cf the rletc there «ni ii iie^ntHL pniitin m irlj 
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The n\cragc \iluo of Kj xtas 0 48 for a circular and 0 67 for 
a Fquaro jdalc. So fir ns the tests went, tho total resistance 
of Fimihr phlos avlicn normal to tlie stream was directly 
proportioinl to llic nrov The total resistance of square or 
circular plates normal to the stream, the aclocity of which 
was r feel per second or V miles per hour, was 

P B 0 001 SGr® «= 0 0027V* lbs per square foot, 

which IS nc-arl) in ngreoment with tho result obtained by 
Mr Dme^, namely, 

P = 0 0029\^ 


If llic weight of a cubic foot of air nt GO" and 1 atm is 
tahen nt 0 0764 lb , St mton's result can be put in the form 

PialOGlG^lbs per square foot. 


and using the result os to ncgaliao pressure stated obove, tins 
giacs 
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following are some examples deduced from Dr Stanton's 
‘ results — 


Dimensions 

Inches 

Ratio of Lengtti 
toUittl} 

Total Pressuro m Lb^ 

3 xl 

3 

P* 00134t‘’ 

3 75 x 75 

5 

00135i" 

50x5 

10 

OOlSIfS 

7 5 X IS 

50 

D0501t- 


181 Pressure on solids of various forms- — ^Wlien a 
solid bodj IS presented to a streim the front pressure is 
modified if the face of the bod) is not plane, and tlic buk 
pressure if the form of tlie bod) interferes mth oi facilitates 
the convergence in the wake. If X js the ratio of tljo totil 
pressure on the solid to the pressure on a thin phtc normal 
to the stream and of area equal to the projected arci of the 
solid normal to tlio stream, then 

la Ditection of strciin 
Sphere 0 31 

Cube 0 80 Kornnl 10 fice 

„ 0C6 ranllel to til ^onal of face 

Cylinder (height «s diameter) 047 ^orln'll to axi« 

Cone (height* diameter of base) 0 38 Pirallcl to ba«c 

182 Pressure on planes oblique to the direction of 
the stream — I/:t li^' llfi re 
present a plane nioMiig in a 
fluid lit n-st in the direction li, 
making an angle f? \Mtli the 
normil to the plane, or con 
tersely a pline at ritt in a 
etreun inoving in the direction 
Ik Ihc n-,iiUint prt-'-ure on 
the pi me Iw a iionii'il pn 
flurc N, ^'llll a coiniKitiLiit Jf m 
the diritlicm of motion and a 
litcml coiiijHiiiuit h n “I 

tilt supjxirts of tin- pi me ObMou**!) 

It e. N CO< 0 , 

Ijv ^ Bin 0 





Sl\ 


IMPACT AND REACTION OF FLUIDS 305 

TKe simplest expression for the pressure on the plane in 
the direction of motion is that of Duchemm, 

2 co3^ 0 

R = P ^ ^ Q per square foot, 

where P is the pressure per square foot on a plane in similar 
conditions normal to the direction of the stream. Conse- 
quently the normal pressure on the plane is 

N ^ p Sco3g ^ 2P 

1 + cos* Q sec ^ + cos 5 

The follouung table contains some results calculated by 
this rule Dr Stanton experimented on a small plane 3 inches 
by 1 inch, with a velocity of stream of 21 feet per second. 
He found the remarkable result that the normal pressure was 
different according as the short or the long axis of the rectangle 
was normal to the current Further, m the case of the long 
axis normal to the current, the normal pressure for an inclina- 
tion of about 45” was considerably greater than when the 
pl&ne was normal to the stream 


Normal Pressdrc on Tbin Planes 



laltiee of N/P 

Angle 6 




Ducliemm s 
Rule. 

Rtanton 


Long Alls formal 

Short Axis lionnal 

0 

1 OO 

1 00 

1 00 

15 

1 00 

1 00 

97 

30 

99 

101 

87 

45 

94 

1 11 

79 

60 

80 

88 

71 

75 

49 

30 

64 

80 

34 

16 

66 

85 


08 

34 

so 

0 

0 

0 


In 1872 some experiments were made for the Aeronautical 
Society on the pressure of air on obhquc planes These plates, 
of 1 to 2 feet square, were balanced by ingenious meclianism 
designed by Mr Wenham and Mr Spencer Browning, in such 

20 
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a manner that both the pressure in the direction of the air 
current ind the letenl force nere separatefj' measured These 
planes were placed opposite a blast from a fan issuing from a 
wooden pipe 18 inches square The pressure of the blast 
aaned from to 1 inch of water pressure The following 
are the results given in pounds per square foot of the plane, 
and a comparison of the experimental results with the pre‘?suros 
giaen by Duchemms rule These last values arc obtained by 
taking P = 3 31, the observed pressure on a normal surface — 


6 = 



70* 30* 

1 

Horizontal preesure It 

104 

0 Cl 2 73 

' 3 31 

Lateral pressure L 

' 1 C 

1 90 1 26 

0 

formal pressure s/L^ + It 

1 1 65 

2 05 3 01 

3 31 

Normal j re«8ure by Dacliemtn e rule 

1 605 

2 027 3 270 

331 1 


Lord Rayleigh obtained theoretically the expression 


N^ = P 


(4 0 

4 + -5m ^ * 


but this giaes the normal component of the front pressure onl) 
Dr Stanton found the variation of total normal pressure witli 
inclination to he aery difibrent in the case of rectangular plates 
according as tho longer or shorter side 
was perpendicular to the stream 

183 Distribution of pressure on 
an inclined plane — In the ca^o of a 
plane wvelined to o ettcauv there is an 

r excess of pressure at the fonsanl part 
and less pn-ssurc sternw ards. Iig 14C, 
from Dr Stanton’s results, sliows gener- 
ally the distnhutjon of posjtiic pre'^aurc 
on the windward and neg-itin, prc'^'iuro 
on the leeward sale of a jdaiie at 15 
to the flircction of an air current 
Clcirl} the resultant pn-wire tloen ii<t 
net tlirough the centre of the j hn* 
Converk.1}, if a plane ii ] noted id’out 
an axis cccentnc to its oentro line and j'liced m » stn mi 
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ifc iTiU assume a position incliccd to the stream such that 
the resultant normal pressure passes through the axis 
about which it can turn If, therefore, planes pivoted so 

that the ratio ^ (Fig 147) is varied are placed in water, and 
the angle the 7 make mth the direction of the stream is 



Fig 147 


obsened, the position of the resultant of the pressures ou the 
plane is determined for different angular positions Experi- 
ments of this kind have been made by Hagen Some of his 
results are given in the following table — 



a + b 

\ fllnrs of ^ 

Larger Flaoe 

Smaller Plane. 

Calculation. 

1 0 

500 


90* 

90' 

09 

474 

75' 

72^ 

06J 

08 

445 

GO 

57 

55 

07 

412 

48 

43 

45 

OG 

375 

25 

29 

35t 

05 

333 

13 

13 

2Gt 

0 4 

280 

e 

6t 

16? 

0 3 

231 

6 \ 


G 

0 2 

107 

4 




Jotsscl has gnen the formula 


— = 0 2 + 0 3 Bin <4. 
a + a ^ 


The last column m the table aboie gives angles calculated by 
this rule. 
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a manner that both the pressure m the direction of the air 
current and the lateral force were separately measured These 
planes were placed opposite a blast from a fan issuing from a 
wooden pipe 18 inches square The pressure of the blast 
varied from to 1 inch of water pressure The following 
are the results given in pounds per square foot of the plane, 
and a comparison of the experimental results with the pressures 
given by Duchemin’s rule These last values are obtained by 
taking P = 3 31, the observed pressure on a normal surface — 




9 



U- 

70“ 

1 30“ 

0“ 

Horizontal pressure K i 

0 4 

0 Cl 1 

2 73 i 

3 31 

Lateral pressure L 

1 6 

1 36 1 

|l26 1 

0 

Normal pressure VL* + 

1 65 

I 2 05 

13 01 

1 331 

Normal pressure by Puchemio’s rule 

1 605 

2 027 1 

3 276 1 

331 


Lord Rayleigh obtained theoretically the expression 
4+r8m^' 


but this gives the normal component of the front prcssuie only 
Dr Stanton found the variation of total normal pressure with 
inclination to be very different in the case of rectangular plates 
according as the longer or shorter side 
was perpendicular to the stream 

183 Distribution of pressure on 
an inclined plane — In the case of a 
plane inclined to a stream there is an 
excess of pressure at tho fonsard part 
and less pressure sternwards. Fig 146, 
from Dr Stanton's results, shows gener- 
ally the distiibution of positiic i)re«suro 
on the windward and negitiic pressure 
on the IcGwaid side of a piano at 45* 
to the duvction of an air current 
Clearly tho resultant pressure docs not 
net through tho centre of tho plane 
Comerscly, if a piano is pnoted nDotit 
an axis eccentric to its centre lino and placed in a stru ‘m, 


Front 
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it wU a‘;sumc a position inclined to the stream such that 
the resultant norniil pressure passes through the axis 
about whicli it can turn If, therefore, planes piaoted so 

that the ratio g (Fig 147) is \aricd arc placed in avater, and 
the angle they make with the direction of the stream is 



ng 147 


observed, the position of the resultant of the pressures on the 
plane is determined for diflercnt angular positions Expen- 
xnents of this kind hare been made by Hagen Some of his 
results are giaen in the follomog table — 
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184, Wind Pressure. — One of the most important cases to 
the engineer, m which the pressure of a fluid stream on bodies 
immersed in it has to be considered, is that of the pressure of 
wind on structures. Unfortunately the action of tlie i\ind is 
so complex and %ariab]e that there is not general agreement 
as to the allowance to he made for it 

Storm winds <are generally rotating eddies generated 
between two oppositely flowing air currents not of theni'schcs 
of violent character Once put in motion, the cnergj of such 

ST LOUIS STORM. 



an eddy accumulates and tlic distribution of the energ) is a 
purely ineclmnic.al problem Conditions of d^nninical Rtnl ilitj" 
irnohc this, that the pre«s«n? dmiinislies and the iiJocii} 
increases from tho cirtumfcrcncc to the centre of the iddy 
(§ 33) Fig 148 13 a diagram of the St IvOuh storm of 189C, 
which filiows tlmt tho i«obars fonne<I clo-^d cunis round the 
Btonn centre, tho barometric pressure dccreaving from 30 nicli < 
at tho ouf'ule to 29 1 inches at the emtn On th< oth<r 
hand, tlio velocity and Mohtico of the wind men townn!< 
the tT?nlrt‘ A Btorm of this 1 md is not hxt-^I in jio^itua 
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Its centre tn^cl3 nlong n tnck gcncmlly in the northern 
licmiopherc c^’^tu-irdi or north cistwards. At nny given piece, 
.13 the Ftonn pa9ec\ the wind leers round contnry to the hinds 
of ft witch Tlie storm centre tnii} tnvel 20 or 30 miles per 
hour, but the wind lolocity near the centre of the storm may 
Ikj 80 or 100 miles per hour The nrci of a storm is 
cxtrcmclj iimblc. It miy be COO or 1200 miles in 
dnrnetcr In other cases the wicltli of the track over 
which the wind is violent enough to aiu^o destruction may 
bo only GO to 1000 feet Some whirlwinds cut down the 
trees in a forest nlong n track as narrow ns a road, leaiing 
trees on either side undimiged 

■\Vind pressures arc measured on ancmomctcre of two tj*pc3, 
pressure and iclocitj ancmomctcra In the former the prc’^sure 
13 measured on a thin icrtical plate exposed normally to the 
wini It is rare for pressures on such a plate to exceed 
80 lbs. per square foot But at Bidslon Ob^cnatoiy near 
Lucrpool pressures of 50 to 80 lbs per square foot ha\o been 
registered. There tlic onemometer is 6C feet above the 
ground and 251 feet aboic sea level The exposure of the 
anemometer is complete and severe, but the Board of Trade 
Committee on the Tay Bridge disaster found no reason to 
doubt tbo records. Baler came to the conclusion, after 
examining some eases of destruction, that the wind pressure 
in the tornado at St Louis in 1890 must have ranged from 
45 to 90 lbs. per square foot 

A largo number of records have been obtained with 
velocity anemometers of the Robison type, in which hemi- 
spherical cups are rotated by the wind the velocity of 
the cups being about one third that of the wind These 
records give the average lelocity over a more or less consider- 
able penod of time The Board of Trade Committee found 
that if v„ 13 the mean velocity during an hour, then the 
highest pressure during the hour would be approximately 
P = 0 lbs per square foot 

Now observations at Aberdeen show a wind traiel of 
69 miles an hour, corresponding to i maximum pressure of 
48 lbs per square foot, at Falmouth a travel of 71 miles per 
hour corresponding to 50 lbs. per squire foot, at Holyhead a 
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travel of 80 miles an hour, corresponding to 04 lbs per 
square foot The \elocity anemometer is free of inertia errors, 
and its indications are not consistent with the supposition 
that gusts during which the pressure is excessive are necessarily 
of short duration 

185 Increase of pressure with elevation — Numerous 
experiments show that the wind\elocity and pressure is greater 

the greater the height 
from the ground In 
some experiments by 
Mr Thomas Stevenson 
in 1878, SIX velocity 
anemometers were fixed 
on a vertical pole 50 
feet in height, and ob- 
servations were taken 
at various dates when 
strong winds were blow- 
ing For a height of 
1 5 feet from the ground 
the velocities were low 
and irregular even when 
strong winds were blow- 
ing For heights above 
20 feet the velocities 
increased in a fairly 
Fig 149 regular way with in 

crease of elevation 
Plotted horizontally the wind velocities gave the irregular 
curves in Fig 149 For heights above 20 feet the velocity 
curves agreed fairly with parabolas having their vertices 72 
feet below ground-level If V and v are velocities, and P and 
p pressures at heights of H and h feet 


FEET 



TT /H + 72 
h + 72’ 
T, H + 72 
^"^A + 72 


Suppose that at 25 feet above ground the mean hourl, 
velocity IS 30 miles per hour, corresponding to a maximum 
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pressure dunng the hour of 9 lbs per square foot Then at 
higher elevations the •velocities and pressures by Stevenson s 
rule would be as follows — 


Elevation 

Mean Velocttj 
Miles per liour 

Maximum Pressure. 
Lbs per sq ft 

26 

30 0 

9 0 

60 

33 6 

11 3 

100 

39 0 

16 0 

200 

50 4 

25 3 

300 

68 6 

34 6 


These results apply only to the case of a flat and nearly 
unobstructed ground surface 

18G Evidence of high wind pressure in storms — It 
may be shown that a pressure of 25 to 35 lbs per square foot 
distributed over the area of a railway carnage is necessary to 
overtum it and this must be chiefly front pressure as in the 
case of such a body it cannot be supposed that the negative 
pressure due to a wake is as completely estabhsbed as m the 
case of a thin plate. Now Mr Seyng has described the over 
turning of five carnages of a passenger tram at Salces, in 
France in 18 GO On the same day five waggons of a freight 
tram were overturned at Rivesaltes and three others thrown 
off the track On the same railway m 1867 a passenger 
train was almost completely overturned In 1867 a brake- 
van and post office tender were blown over between Chester 
and Holyhead In 1864 carriages in two trains on tho 
Eastern Bengal Railway were overturned by wind In 1870 
two spans of a bridge at Decatur USA were blown ov er , 
and in 1880 one 150 foot span of a bridge at Meredocia 
On September 10 1897 m Pans a cyclone uprooted every 
tree from the Quai St Michcl to the Pont Neuf some barges 
vv ere sunk an omnibus overturned and at the Palais de Justice 
not a pane was left m the windows. 

On the otlicr hand those who have carefully examined 
cases of damage by wind have found that structures such as 
windows chimneys roofs etc. of weak construction, and 
incapable of standing any considerable lateral pressure, hare 
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Stood for long periods unharmed Whether anj adequate 
explanation of the paradox thus piesented can be given is 
doubtful, but certain considerations maj be noted (a) At any 
One place the occurrence of high wind pressure must be 'very 
exceptional , (6) A structure must be still more rarely struck 
normally , (c) Its form may prevent the creation of a negative 
pressure , (d) Neighbounng obstructions may have the effect 
of shielding a structure In this connection the great decrease 
of wind velocity near the ground is instructive 

187 The Forth Bndg'e experiments — ^During the con 
struction of the Forth Bridge some important experiments 
were carried out by Sir B Baker A very large pressure- 
plate anemometer was erected on Inchgarvie 20 feet long 
by 1 5 feet high, facing east and west Beside it were erected 
two small pressure plates, one facing east and west, the other 
revolving to face the wind Between 1883 and 1890, on 
fourteen occasions of storm, pressures rangmg from 25 to 65 
lbs. per square foot were registered by the revolving pressure 
plate In the same period the pressure on the small £ted 
pressure plate ranged from 16 to 41 lbs per square foot Also, 
during the same period, pressures were registered the large 
plate of 300 square feet area ranging from 7 to 35 lbs per 
square foot 

For experiments on bodies of complex form, Sir B Baker 
adopted a very ingenious device Experiments in wind storms 
would have been difficult and inconvenient Instead of this 
a light wooden rod was suspended by a cord At one end, 
the complex form the resistance of which was required vas 
fixed, at the other, a small eardboard plane Setting the 
apparatus swinging, it was obvious at once at ohich end of 
the rod the resistance was gieatest Then the area of the 
cardboard plane was altered until its resistance just balanced 
that of the body to be tested In this way the areas of plane 
having resistance equivalent to that of various bodies of 
complex form was determined 

For bodies of comparatively simple form, such as cubC‘» 
and cjlinders, the relative resistances were found to be the 
same ns those directlj detemuned by earlier observers. The 
most interesting point to determine next was the inllucncc of 
one surface in sheltenng another With di=cs placed at from 
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one to four dnmeten njvjrt, there wiw complete filicltcr when 
the tli«t'inco \ns one diameter, the rcsi«t3ncc being the eamc 
as for a simple diec. Tlic resistance was increased by 25 per 
cent when the discs wore diameten apart , by 40 per cent 
at 2 diameters, by GO per cent for 3 diameters, and bj 
80 per cent for 4 diametcra. Intermediate discs did not 
much increase the resistance. Four discs in senes behind 
each other, with a total distance between first and fourth of 
3^ diameters, had no more resistance than t^ao dices at 
4 diameters. 

Perforated di«cs were then Incd to imitate the effect of 
shelter of one lattice girder on another With openings m 
the di«cs equal to one fourth the whole area, the ^<503 being 
1 diameter apart, the resistance of the sheUered disc was only 
8 per cent of that of the front disc. But with openings half 
the whole area, tlio resistance of the sheUered disc was 30 per 
cent of that of the front disc. At 2 diameters opart, the 
resistances of the sheltered di«c were 40 per cent to 66 per 
cent of that of the front dt«c, ond ut 4 diameters apart, with 
openings half tiie total area, the resistance of the sheltered 
disc was 94 per cent of that of the front disa 

The top members of the Forth Bridge consist each of a 
pair of box-lattice girders, that is, they arc nearly equivalent 
to four single lattice girders in senes. Models of single web 
girders made to imitate these were tested m pairs. With 
distances apart equal to once, twice, ond three times the 
depth of the girders, the resistance of the sheltered girder was 
20 per cent, 50 per cent, and VO per cent of the resistance of 
the front girder With additional girders placed between 
the others the increase of resistance was small. With a 
complete model of a bay of one top member of the bndge, 
that IS, with the equivalent of two single lattice girders, the 
total resistance was 1 75 times the resistance of a plate equal 
in area to the projection of one lattice girder, that is, to the 
projection of the solid surfaces excluding the openings. 

The bottom member of the Forth Bndge consists of two 
tubes of circular section braced together by lattice girders A 
complete model of one bay was tested. It had a resistance 
10 per cent greater than the resistance of a plane surface of 
the projected area of one tuba 
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Stood for long periods unharmed. lATiether any adequate 
explanation of the paradox thus presented can be given is 
doubtful, but certain considerations may be noted (a) At any 
one place the occurrence of high ivind pre=5sure must be very 
exceptional , (h) A structure must be still more rarelv struck 
normally, (c) Its form may prevent the creation of a negatue 
pre'^ure, (d) Neighbourmg obstructions mayha^e the effect 
of shielding a structure In this connection the great decrea«e 
of wind velocity near the ground is instructive 

187 The Forth Bridge expeninents — ^During the con- 
struction of the Forth Bridge some important expenment*? 
were earned out by Sir B Baker A very large pressure- 
plate anemometer was erected on Inchgame, 20 feet long 
by 15 feet high, faang east and west BeMde it were erected 
two small pressure plates, one facing ea«t and we«t, the other 
revolving to face the wind- Between 1883 and 1890, on 
fourteen occasions of storm, pressures rangmg from 25 to 65 
lbs. per square foot were registered by the ^e^oIMng pressure 
plate. In the same period the pressure on the small fixed 
pressure plate ranged from 16 to 41 lbs. per square foot Al'o, 
during the same period, pressure^ were registered b> the large 
plate of 300 square feet area ranging from 7 to 36 lbs. per 
square foot 

For experiments on bodies of complex form. Sir B Baker 
adopted a very ingenious device. Expenments m wind storms 
would have been difficult and inconvenient In'^tead of this 
a Lght wooden rod was suspended by a cord. At one end, 
the complex form the ic'^istance of uhich was reqiured uas 
fixed, at the other, a small cardboard phna Setting the 
apparatus swinging, it was obvious at once at ubich end of 
the rod the resistance uas greatc'^t Then the area of the 
cardboard plane vas altered until its re'i'itanco ju^t bahneed 
that of the body to be te«5ted. In this way the area'? of piano 
having resistance equivalent to that of \nrious bodies of 
complex form was determined. 

For bodies of comparatively simple form, such os cul>c^ 
and cilinders, the relate o resistances were found to be the 
same as tbo'Je directl} detemiined by earlier ol‘Scr\cr‘?. The 
most interesting point to determine next was tlie innuencc of 
one surface in sheltering another ^Vjth dj=cs placed at from 
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one to four diameters apart, there was complete shelter when 
the distance was one diameter, the resistance being the same 
as for a simple disc. The resistance was increased by 25 per 
cent when the discs were 1^ diameters apart , by 40 per cent 
at 2 diameters, by 60 per cent for 3 diameters, and by 
80 per cent for 4 diameters. Intermediate discs did not 
much increase the resistance. Four discs in senes behind 
each other, with a total distance between first and fourth of 
3;^ diameters, had no more resistance than two discs at 
4 diameters. 

Perforated discs were then tried to imitate the effect of 
shelter of one lattice girder on another With openings in 
the discs equal to one-fourth the whole area, the discs being 
1 diameter apart, the resistance of the sheltered disc was only 
8 per cent of that of the front disc. But with openings half 
the whole area, the resistance of the sheltered disc was 30 per 
cent of that of the front disc At 2 diameters apart, the 
resistances of the sheltered disc were 40 per cent to 66 per 
cent of that of the front disc, and at 4 diameters apart, with 
openings half the total area, the resistance of the sheltered 
disc was 94 per cent of that of the front disc. 

The top members of the Forth Bridge consist each of a 
pair of box-lattice girders, that is, they are nearly equivalent 
to four single lattice girders in senes. Models of single-web 
girders made to imitate these were tested in pairs. With 
distances apart equal to once, twice, and three times the 
depth of the girders the resistance of the sheltered girder was 
20 per cent, 50 per cent, and 70 per cent of the resistance of 
the front girder With additional girders placed between 
the others the increase of resistance was small. With a 
f■oropJe^^ zQifdG} s hsij' oS oae top mesibsT nf the 
that IS, with the equivalent of two single lattice girders, the 
total resistance was 1 75 times the resistance of a plate equal 
in area to the projection of one lattice girder, that is, to the 
projection of the solid surfaces excluding the openings 

The bottom member of the Forth Bridge consists of two 
tubes of circular section braced together by lattice girders A 
complete model of one bay was tested It had a resistance 
10 per cent greater than the resistance of a plane surface of 
the projected area of one tube. 
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Exasifles 

1 A jet 3 inches m diameter under ahead of 400 feet strikes nomnlh 

a p^ane at rest Find the pressure on the plane 2452 U« 

2 A jet of Mater deluers ICO cubic feet per minute at a velocitr of 

20 feet per second, and strikes a plane nornnllj Find tht 
pressure on the plane (1) when the phne is at rest , (2) Mhcn 
It 13 moving at 7 feet per second in the direction of the jet 
In the latter case fmd the rate at which work is done in 
driving the plane. 

103 4 lbs , 43 7 lbs , 305 8 ft lb« per second 

3 ^Vater impinges on a Poncclet float at 10* with the tuigmt to the 

circumference of the ivhee] The vclocitp of the water is double 
that of the float. Find by construction the angle of the float 
to receive the water without shock. A slope of 10* is nevrh 
1 in G 

4 A cylindrical chimney shaft 100 feet high and 76 fict in ilnmclcr 

13 exposed to a wind pre^urc of 30 lbs. per sqmre foot Imd 
the overturning moment. 10',750 lb« 

5 A fixed curved vane has a recciviog edge making an nngk of 45* 

and a delivering edge an angle of 20* with a line All A jet 
delivers 10 cubic feet per second nt a vtlocitj of 30 fict jir 
second, without shock, so that it is deinted along the vane 
Find the resultant pressure on the vane, the angle it makes 
with AD, and the components of the prcsnirt along and at 
right angles to AB 970 lb^ , 124* , 940 He. , 210 11 s. 

C Suppo c the vane in the previous <jue«tion i» moving in the dine 
tion AB nt 10 feet per second, and the jet nt 15* with AB at 
30 feet per second Find the angle the receiving e Ige of the 
vane must mvkc vvuh AB that there mav be no shock Al»o 
the relative velocity 03 *, 2t ft pernconJ 
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TABLE ir — V elocity aed Head 


" 

He ght due to 
Velocity 
n2 

2? 

\elocitv Ineto 
1 Height 

I” 

lie ght due to 
Velocity 
n.2 

2? 

Veloc ty due 
to He ght 


Jletres 

Feet 

Metres 

Feet 


Metre 

Feet 


1 

OOOol 000155 

1 401 

2 531 

S 

1 326 

404 


2 

00203 000622 

1 981 

3 585 

55 

378 



3 

00459 00139^ 

2 426 

4 394 

51 

432 



4 

00816 002486 

2 801 

5 074 

54 

486 

4531 

29 64 

5 

01274 00388o 

3 132 

5 673 

55 

1 542 

4700 


6 

01835 00559J 

3 431 

6 214 

' 66 

599 

4873 


7 

02498 00761J 

3 •roe 

6 712 

5*5 

656 

5048 


8 

03262 009942 

3 962 

7 176 


715 

5227 


9 

04129 01259 

4 202 

7 611 

5 9 

774 

5408 

76 48 

£> 

0 0510 

01554 

4 429 

8 022 

60 

1 835 

5593 

10 S5 19 65 

1 

0617 

01880 

4 645 

8 414 

6 1 

897 

5782 

94 81 

2 

•0734 

02237 

4 852 

8 788 

62 

959 

5973 

11 03 97 

3 

0861 

02626 

5 050 

9 147 

63 

2 023 

6167 

12 20 13 

4 

0999 

03045 

6 241 

9 492 

64 

088 

6364 

21 29 

15 

0 1147 

03496 

6 425 

9 826 

65 

2 154 

6564 

11 29 20 45 

1 6 

1305 

03978 

603 

148 

66 

220 

6768 

38 61 

1 7 

1473 

04490 

775 

460 

67 

2S8 

6975 

46 76 

1 8 

1652 

05034 

942 

764 

68 

357 

7185 

55 92 

1 9 

1840 

05609 

6 105 

11 059 

69 

427 

7397 

63 21 07 

20 

0 2039 

06216 

6 264 

11 346 

70 

2 498 

7613 

11 72 21 23 

2 1 

2248 

06852 

418 

626 

7 1 

570 

7832 

60 38 

22 

2467 

07520 

570 

899 

72 

643 

8055 

88 53 

23 

2697 

08219 

717 

12 167 

73 

726 

$280 

97 67 

24 

2936 

08950 

862 

429 

74 

791 

8508 

12 05 82 

25 

0 3186 

09711 

7 003 

12 685 

7 5 

2 867 

8740 

12 18 21 97 

26 

3446 

10503 

142 

936 

76 

944 

8974 

21 22 11 

2 7 

3716 

11326 

278 

13 162 

77 

3 022 

9212 

29 -26 

2 8 

3996 

12182 

411 

424 

78 

201 

9475 

37 40 

2 9 

4287 

13067 

543 

662 

79 

281 

9697 

45 55 

3 0 

0 4588 

1398 

7 672 

13 90 

80 

3 262 

9944 

12 53 22 69 

3 1 

4899 

1493 

793 

14 13 1 

8 1 

344 1 0194 

61 83 

3 2 

5220 

1591 

923 

35 

8 2 

423 1 0447 

68 97 


5561 

1692 

8 046 

67 

83 

512 0704 

76 23 11 

3 4 

5893 

1796 

167 

79 

8 4 

597 0963 

84 25 


0 6244 

1904 

8 286 15 01 1 

85 

3 683 1226 

12 91 23 39 

3 6 

6606 

2014 

404 

21 

66 

770 I H92 

90 53 



2127 

520 

42 

8 

858 1 1761 



7361 

2244 

634 

63 

88 

947 1 2032 

14 SO 

3 9 

7753 

2363 

747 

84 

8 

4 038 1*2307 




•2486 

8 858 16 05 1 

90 

4 129 1 259 

3‘29 21 07 



2612 

968 

24 

9 

221 1 287 



8992 

2741 

9 077 

44 

92 

314 1315 





184 

63 

93 



4 

9S69 

3008 

•291 

83 

84 

504 1 373 




3146 

9 396 17 02 fl 

95 

COO 1 402 

3 65 2 f 75 




500 

20 

86 

698 1 432 




3432 

602 

39 

9 7 

796 1 462 





"04 

57 

98 



4 

■2239 

3731 

BOi 

76 

8 9 

•896 1 523 1 


50 

•2744 

3S5I 9 901 1 

• 91 1 

00 s 

•097 1 554 14-01 25 37 
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TABLE III— Slope Table 


mi in mi 
P*r M le. 

/- 

Elcf* 1 In «. 

Eli'i* 

rmt p'r foot. 

I la 1 *. 

Blopa 

foot jj»r root. 

Pall In Feet 
per Mile. 

05 

10560 

■0000<i5 

6000 

000058 

86 

0 75 

TOtQ 

•000142 

5000 

•0002 

1-06 

1-0 

52«0 

•000180 

4500 

•000222 

1*17 

1-25 

4221 

•0002J7 

4000 

00025 

1 32 

1 5 

3520 

•000231 

3500 

000286 

1 51 

1 75 

3017 

■000331 

3000 

■000333 

176 

2-0 

2610 

■000370 

2500 

0004 

2 11 

8-0 

1760 

■O005CS 

2000 

0005 

2 64 

4-0 

1320 

•000758 

1500 

000667 

3 52 

5-0 

1056 

•000917 

1250 

•0003 

4*23 

e-0 

e^o 

001136 

1000 

001 

5-28 

7-0 

751 

-001J26 

750 

•00133 

7 03 

8-0 

C60 

•0015)5 

500 

■002 

10 56 

9 0 

5S7 

•001701 

400 

•0025 

13-2 

lOO 

52S 

•001891 

300 

00333 

17 6 

n 0 

441 

•002083 

250 

■004 

21 1 

12-0 

440 

002273 

200 

005 

26 4 

is-o 

406 

002162 

176 

00571 

30 2 

14 0 

377 

•002651 

150 

00667 

35-2 

15*0 

352 

•002841 

125 

■008 

42 3 

17 5 

302 

•003311 

100 

01 

52 8 

20-0 

264 

003788 

75 

•0133 

70 3 

225 

235 

•001255 

50 

02 

105 6 

25-0 

211 

001735 

40 

■025 

132 

80 0 

176 

•005682 

30 

0333 

176 

35-0 

151 

000629 

25 

04 

211 

40-0 

132 

•007676 

20 

05 

264 

45-0 

117 

00S523 

15 

•0667 

352 

60-0 

105 6 

009170 

10 

1 


60 0 

88-0 

011364 




70 0 

75 4 

01326 




60-0 

66-0 

•01515 




90 0 

58 7 

•01705 




100-0 

52 8 

01894 




120 0 

44 0 

02273 




140 0 

37 7 

02662 




160-0 

33 0 

03030 




160 0 

29 3 

■03409 




200 0 

26 4 

■03788 




300-0 

17 6 

05682 




400-0 

13-2 

07576 




500 0 

10 6 

09470 
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TABLE IV — Taolf to pachitate Calcdlations ov Pipes 


Diameter 

! 

lirdraul c 



1 


Mean Itadiue 1 



1 

in Square Feet I 

in Feet ! 









TABLE V. DiscnAnaR or Pipes at Differbnt Velocities is Qalloxs i-nu llovn 







TABLE VI Discjharoe op Pipes at Diffekknt Velocities in Conic Feet per Second 





TABLE VII— Loss or Head nr New Cast Iron Pipes 
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Tins table is calculated from tlio equation — 
_A_0 0216 o'** 
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Fire hose pipes, 165 
Fire nozzle, 83 

Float gau^ng of streams, 267 
Floating bodies, equilibrium of, 33 
Fluid pressure, 13 ; on planes, 14 ; on 
curved surfaces, 15; varying as the 
depth, 22 ; on a wall, 24 ; on valve, 
25 ; graphic determination of, 31 
Fluids, properties of, 9 
Forth Bridge eiperiments on wind pres- 
sure, 312 

Francis, 91, 107, 108 
Free surface, 11, 20 
Freeman, 83 

Friction, fluid, 132 , of discs in water, 136 

Fronde, 45, 133 

Fteley, 98, 100, 107 

Functions of numbers, table of, 317 

Gale, 160 

Gas, flow m mams, 222 
Gaseous laws, 119 

Gauging by weirs, 114 , of streams, 264, 
286 , by chemical means, 290 
Gordon, 279 

Gravity, acceleration due to, 0 
Gntermuth, 229 

Hagen, 202, 206 

Hamilton Smith, 72, 76, 93, 100, 205 
Hardness of water, 4 
Harlacher, 271 

Head, meanmg of term, 44 , measurement 
of, 68, 114 

Heavmess of water, 3 , of gases, 116 
Herachel, 55, 63, 162, 192 
Hook gauge. 70, 114 
Hydraulic gradient, 152, 156, 187 
Hydraulic press, 18 

Impact of fluids, ^ " 

direction, 292 
of revolution, 


Inversion of jets, 78 

Jet impinging on curved surface, 292 

Jet pump, 86 

Joukowsky, IDS 

Kclidn, Lonk 11 
Kuicblmg, 274 


Lauyrinui pisiou, Lj 
205 

I^bros, 93 
Irfvy, Sfaurice. 159 
Lock, of canal, 81 


Alains, Water, 178 , of varjing diameter, 
180; branched, 185; compound, 187 
Mair, 73, 92, 202, 219 
Marx, I64 
Mean velocity, 41 
MeUcentre, 34 
Sloduie, 68, 75 

Mouthpiece, cylindrical, 85 ; convergent, 
88, divergent, 89 

Kapier, I30 

Non sinuous motion, 146 

Notches, 95 , triangular, 105. -S^e Weirs 

Orifices, 61 , use in rticasunng water, 67 ; 
coBOidal, 70 , sharp-edged, 71 ; rect- 
angular, 74 , submerged, 75 ; self, 
adjusting, 75 ; flow of fluids other than 
water, 77 ; application of Bernoulli’s 
tOt SI { bfaJ larjiffg mth 
time, 64 , large rectangular vertical, 
95 , flow of air through, 123, 130 

Pascal’s law, 13 
Felton wheel. 297 
Pipe aqueducts, 190 
Pipe scrapers, 189 

Pipes, non.sinuoDs and turbulent condition 
of flow, 146 ; permissible velocities, 
149 , Cbezy formula, 150 , inlet re 
sistancf!, 155 , pressure in, 166 , 
Darcy’a inTesllgation, 156 ; Maurice 
Levy’s formula, 159 , later investiga- 
tions, 160 , riveted pipes. 162 , tlrabtr 


general formula and constants, 2J5 , 
How of compressible fluids in, 2J1 , 
' ’ harge of, 321, 322 


• ine«, 43, 
, i .. abrupt 
changes of section bi 
may, 199, 283 

Rafter, 105 

Raukioe, 5 

Reaction of fluids, 291 
Reynolds, Osborne, 37. 116. 203 
Rietller. 329 

10 

.... f*. 256 . ratios of 

mean and surface velocity. 257 
Rivite<i pipe, 162 
Rod floats, 263 
Roseobalo, 131 
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Scour Talrc3, 191 
Screw current meter, 270 
Sewert, 244 

Shock, 67 , in rJr**. 49® 

Siphon Rsuge, 21 
Slope tahle, 310 
Sluicei, 173, 191 
Speclllc beat of pise% 119 
Stanton 302 305 
Stare pipe% 164 

Steadjr and UQ.<tead]r motion, 40, 160 

Stearns, 93,100, 107, ICO, 205 

Stockalper, 230 

Stream Imea, 37, 4S, 146 

Stfohmeyer, 290 

Suction pipe ot pumps 196 


Temperatuie, Influence on flow from 
orifices, 91 , on friction, 143 , on flow 
in pipes, 202, 219 , correction for, 
213 

Thomson James 106, 261 

Town supply, 177 

Transrene sections, lueasurement of, 
266 

Turner, 276 


I Units of measurement, 1 , of intensity of 
I pressure, 6 

l\Blres, 173, sconr, 191, reflux, 191, 

I fRomentum, 191 , sluice, 191 , resist 
I nnee to flow at, 173 
I \eIocitj and bead, table of, 318 
I Velocity curves, Z5l 
' \easnt, de St., 202 
I \enturt meter, 52 
lliicosity, 10 147 
\ oinme of flow 40 
I Vortex, free, 51 , forced, 52 

Wagner. 2S4, 285 
Water bammer, 198 
Water inch, 68 
Water level gauge, 284 
WaUabydrometer, 21 
Weirs, 96 , drowned, 101, 113 , broad 
creste<I, 102 with no end contractions, 
106 . Francis a fortanla, 108 , Baiin s 
researebes, 109 , separating 115 
Weisbach SI, 68, 171 
WtnbatB 805 
Williams, 172, 218, 281 
Wind pressure, 308 


THE END 
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